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ABSTRACT
Special moment frames (SMFs) are frequently used in high seismic areas for
architecturally constrained designs. SMFs provide lateral system stiffness without the use of
braces that often obstruct views and architectural features. Current American Institute of Steel
Construction (ASIC) provisions (AISC 341-16) provide prequalified SMF connection details;
however, all prequalified details only consider orthogonal connections between the beam and
column. This dissertation investigates the effect of adding skew within SMF beam-to-column
connections. The study presented herein involves system-level dynamic time-history analyses of
skewed SMF connections, the analytical component-level investigation into the effect of the
concrete slab on behavior of the SMF connections, and experimental testing of skewed SMF
connections.
Results from system-level dynamic investigations show that skewed buildings experience
increased column twist related to columns in orthogonal configurations, but decreased column
axial demands likely due to reduced connection stiffness.
Experimental testing of the skewed SMF configurations demonstrates adequate cyclic
performance at 10, 20, and 30 degrees of skew (with both shallow and medium-depth columns),
meeting the minimum acceptance criteria of AISSC 341-16. However, it was noticed that an
increase in skew reduces the connection moment capacity, and increases column twist and
column flange yielding. Large column twist observed during the medium-depth column test at
having 30 degrees of skew may present column stability concerns under large axial loads. Die
penetrant investigations following cyclic testing indicate no fractures within the welded zones of
each specimen.
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V

Base shear

VP

Plastic Shear at reduced beam section location

Zx

Section Modulus

ZRBS

Section Modulus of Reduced Beam Section



Resistance Factor

γ

Curve rate of departure from C

α1

Backstress

pl

Material coefficient from cyclic coupon testing

DSPS

Damageability parameter

α

Material specific parameter

 𝑝,𝑡

Integration of plastic strain under tensile triaxiality

 𝑝,𝑐

Integration of plastic strain under compressive triaxiality

𝑝

Accumulated equivalent plastic strain

CHAPTER 1. ACCOMMODATING ARCHITECTURAL FEATURES IN SPECIAL
MOMENT FRAME (SMF) SEISMIC STEEL CONNECTIONS
1.1 Introduction
Steel special moment-resisting frames (SMFs) are common in high seismic areas and are
created by specially detailed beam-to-column connections that provide lateral frame resistance.
Moment frames provide architectural benefits offering open (unobstructed) bays without braces,
as opposed to conventional braced frame systems (Figure 1). AISC 358-16 [1] introduces design
requirements for SMF connections, including prequalified connections verified by experimental
testing. SMF prequalification requires two criteria to be met: 1) The connection shall
accommodate a story drift angle of at least 0.04 rad during a specified loading protocol, and
2) The measured flexural resistance of the connection, determined at the column face, shall be at
least 80% of the beam plastic moment capacity at a story drift angle of 0.04 rad.
AISC 358-16 [1] provides prequalified SMF connection details; however, in AISC 358-16,
the considered geometries are all orthogonal beam-to-column connections, where the beams are
connected to the columns at right angles (having no skew), as shown in Figure 2. Architectural
designs often deviate from rectangular building envelope framing, requiring the structural system
to accommodate non-orthogonal orientations of the beam-to-column connections.
Connections can deviate from orthogonal configurations, either in-plane or out-of-plane, as
shown in Figure 2 (b) and (c), respectively. In this study, to differentiate between in- and out-ofplane connection orientations, configurations with in-plane deviations will be referred to as
sloped connections. In contrast, connections with out-of-plane deviations will be referred to as
skewed connections. Current guidance on the effect of skewed SMFs in AISC 358-16 is limited
to the commentary, citing analytical research by [2], stating that: “frame beam skew angles
between 10° and 20° in reduced beam section connections appear to cause limited increases in
1

column torsional demand and limited additional flange tip yielding. [Prinz and Richards [2]]
also report that skew angles of 10° reduce low cycle fatigue capacity in the reduced section
region by less than one cycle. Thus, skew angles of less than 5° to 10° might be considered
acceptable in reduced beam section connections.”. Given limited analytical investigations, the
commentary of AISC 358-16 highlights the need for experimental investigations into the effect
of skew on beam-to-column connection demands.
The next section reviews recent research on SMF connections' seismic performance,
including research on orthogonal (unskewed), skewed, and sloped geometries to provide the
relevant background for the study conducted herein.

Moment Frame

Braced Frame

Figure 1. Architectural benefits of Moment Frames against Braced Frames

(a) Orthogonal (unskewed)

(b) Skewed

(c) Sloped

Figure 2. Connection skews: (a) Orthogonal/unskewed connection; (b) out-of-plane (skewed)
connection; (c). In-plane (sloped) connection
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1.2 Previous Investigations into Unskewed, Sloped, and Skewed SMF Connection Behavior
Development of SMF connections occurred following the 1994 Northridge earthquake,
which highlighted ductility issues in existing moment frames. Failure at the beam-to-column
connection welds during the Northridge event prompted a joint venture investigation by the
Structural Engineers Association of California (SEAOC), the Applied Technology Council
(ATC), and Consortium of Universities for Research in Earthquake Engineering (CUREE)
(abbreviated as the SAC Joint Venture). AISC 358-16 adopted the results of the SAC joint
venture investigation, providing design procedures for several prequalified SMF beam-to-column
connections, such as the reduced beam section (RBS) flange detail, welded unreinforced flangewelded web (WUF-W) weld detailing, and the bolted-flange plate (BFP) connection as shown in
Figure 3.
In RBS connections, a portion of the beam flange is removed to prevent the overloading
of the beam-to-column connection welds (Figure 3 (a)). RBS connections are widely used due to
ease in construction and desired performance [3]. Several experimental investigations and
widespread application in steel construction practice suggest the acceptable performance of
unskewed (orthogonal) RBS connections, having large deformation capacity under cyclic
loading [4]–[6].
Investigations on unskewed (orthogonal) WUF-W connections demonstrate adequate
ductility for wide flange beam sections less than W36x [1]; however, for W36× and deeper beam
sections, the flange can experience brittle failure at the welded connection [7] [8]. Given the
susceptibility of beam flange weld fracture, together with field fabrication issues of the WUF-W
connections, an alternative BFP connection requiring bolted erection was introduced. Sato et al.
[9] and Schneider and Teeraparbwong [10] investigated the inelastic behavior and failure modes
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of BFP connections showing capacities exceeding 0.06 rad drift before failure. However, it
should be noted that studies on BFP connections are limited to relatively shallow column
sections (W14× columns).

Bolted

Special
Welding
Details

RBS cut

Bolted
plate on
Flanges
Plate
on
Flages

Figure 3. Prequalified connections [1]: (a) Reduced beam section (RBS); (b) Welded
unreinforced flange-welded web (WUF-W); (c) bolted flange plate (BFP)
Further studies by Tsai et al. [11], Chen et al. [12], Jones et al. [5], Zhang et al. [13]
suggest that the capacity of SMF connections can be affected by column geometries, where
ductile fracture potential and column twist in SMF connections depends on the column section
modulus, depth, and torsional rigidity. Zhang et al. [13] suggest that deep columns display larger
column twisting than shallow columns due to a formed eccentricity from lateral movement of the
beam compression flange during flange buckling.
Later research into non-orthogonal (sloped) SMF connections by Kim et al. [14],
Mashayekh [15], and Mashayekh and Uang [6] investigated RBS sloped connections of up to 25
degrees. Research in [6], [14], [15] suggest that increasing slope angle increases force
concentration at the acute angle of the beam-to-column connection location (referred to as the
“heel” by [6], [14], [15] as previously shown in Figure 2). They also added that the force demand
in the heel can be significantly higher than that at the obtuse angle of the beam-to-column
4

connection face (referred to as the “toe” by [6], [14], [15] as previously shown in Figure 2). In
their experimental investigations, [6], [14], [15] observed brittle fracture of the weld at the heel
location, concluding that welding in the heel zone is more vulnerable to fracture than that of the
toe. Note that heel fracture was not observed in their analytical (FEA) investigations. Kim et al.
[14], Mashayekh [15], and Mashayekh and Uang [6] suggest stringent beam flange welding
requirements for the heel of a sloped SMF connection. Despite the observed fractures, results
from [6], [14], [15] suggest the adequate performance of the RBS sloped SMF connections
relative to prequalified acceptance criteria in AISC 358-16 [1] for up to a 25-degree slope.
SMF connections with out-of-plane skew (skewed connections) have only been
investigated through FEA modeling. Prinz and Richards [2] conducted exploratory FEA
investigations on skewed RBS connections with 10, 20, and 30 degrees skew angles. In [2],
results indicated adequate performance at large skews; however, it was unclear whether
substantial column twisting would arise if the columns were exposed to large axial loads. Prinz
and Richards [2] used a single-story one-sided exterior configuration for modeling the SMF
connection (Figure 5 (a)). Desrochers [16] studied the effect of column axial load on the skewed
RBS connections for the angles of 10, 20, and 30 degrees. In [16], a three-story one-sided
exterior configuration was considered to represent the skewed SMF geometry and offer more
realistic torsional boundary conditions for the SMF connection (Figure 5 (a)). Dominguez [17]
expanded the works of [2] and [16], investigating the analytical behavior of composite (steelconcrete) skewed connections for various column depths and skew angles. In [17], the threestory interior double-sided configuration was considered (Figure 5 (b)) to compare the behavior
of both bare-frame and composite-frame systems, having both RBS and WUF-W SMF
connections. Desrochers [16] and Dominguez [17] found that although the increase in skew and
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column depth can increase the column twist demands, the increase of the column axial load has a
limited effect on the resulting column twist demands. Desrochers [16] and Dominguez [17]
showed that the column twist demand is similar for the various axial loads less than 50% of ФPn
(where 𝑃𝑛 is the nominal column axial capacity). In [17], it is suggested that although increasing
the skew angle reduces the flexural capacity of the SMF connection, the flexural capacity of all
the connections still exceed the minimum requirement (which is 0.8Mp of the beam) at 0.04 rad
drift required by the AISC 358-16 prequalification procedure.
Another finding from the studies of [2], [16], and [17] is the effect of skew on the column
flange tip yielding. The studies showed that increasing skew angle results in increased twisting
and corresponding column flange-tip yielding on the acute side of skew. Desrochers [16] showed
that for skewed RBS connections, an increase in column depth increases the eccentricity between
the beam-flange force-line and column centroid, leading to increased column twists for deeper
column sections. Dominguez [17] reported the same finding for the RBS and WUF-W
connections and different column depths. In [17], the dynamic system-level performance of
skewed RBS connections within a building configuration was also studied; however, this
investigation was somewhat limited, considering one earthquake time history.
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Half Column

Half Column

Applied
Displacement

Connection of Interest
Applied
Displacement

Beam

Beam

Half Column

Half Column

Beam

Connection of Interest

(a)

(b)

Figure 4. Typical prequalification configurations with a single story: (a) One-sided exterior, (b)
one-sided interior.
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Displacement

Beam

Beam
Column 3

Connection of Interest

Beam

Applied
Displacement

Beam

Beam

Applied
Displacement

Beam

Applied
Displacement

Connection of Interest

Beam

Applied
Displacement

Beam

Applied
Displacement

Column 1

Column 1

Column 2

Column 2

Column 3

Beam

(a)

(b)

Figure 5. Typical three-story configurations (a) One-sided exterior; (b) double-sided interior.
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1.3 Research Objective and Organization of Presented Work
This study expands upon the previous analytical investigations of [2], [16], and [17] by
furthering the understanding of system-level time-history behavior of RBS and WUF-W SMF
connections, and by experimentally investigating skewed SMF behavior in prequalification tests.
Chapter 2 describes the dynamic system-level time-history investigations considering building
plans having skewed and unskewed connections. The time-history simulations are developed
using the commercial finite element (FE) software ABAQUS [18], considering building designs
in high seismic areas. Chapter 3 describes additional analytical investigations into the
component-level performance of composite (steel and concrete) WUF-W skewed connections.
Ultra-low-cycle fatigue (ULCF) and fracture initiation within the connection region of composite
WUF-W connections are also investigated using advanced analytical tools. Chapter 4 outlines
the experimental testing program, including test setup, specimen design, instrumentation, and
loading. Additionally, metallographic analyses for fatigue crack initiation are presented. Chapter
5 discusses the experimental results and behavior of the RBS skewed SMF connections
presented in Chapter 4. Chapter 6 summarizes the research findings and presents conclusions and
design recommendations related to skewed SMF connections.
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CHAPTER 2. SYSTEM-LEVEL DYNAMIC TIME-HISTORY INVESTIGATION INTO
UNSKEWED AND SKEWED SMF CONNECTION BEHAVIOUR
2.1 Introduction
While several component-level investigations into skewed SMF connections have been
conducted, system-level time-history investigations of skewed SMF connections are limited [2],
[16], [17]. Three-dimensional finite element analyses (FEA) are helpful to understand the
system-level dynamic performance of SMFs having skewed connections. This chapter presents
detailed system-level FEA of skewed and unskewed multi-story building configurations under
various earthquake time-history accelerations. This chapter presents the design of prototype
buildings with SMFs, considering high seismic locations in the connection design. Considered
skewed building plans have RBS and WUF-W connections accommodating skew angles of 10-,
20-, and 30-degrees. For direct comparison, additional unskewed building configurations
consider the same building layout and member proportioning as the skewed building
configurations.
2.2 Prototype Building Layout and Connection Type
The system-level behavior investigations consider two 6-story building configurations
representing RBS and WUF-W SMF designs. The SMF systems are designed for the N-S
direction of the prototype buildings shown in Figure 6. Both the RBS and WUF-W buildings are
initially designed for unskewed (orthogonal) beam-to-column connections, after which building
envelope geometry is modified to accommodate skew angles of 10-, 20- and 30-degrees in the
framing (keeping the same member sizes as with the orthogonal designs). Figure 6 (a) shows the
building elevation, Figure 6 (b) shows the unskewed building layout and Figure 6 (c) shows the
skewed building layout with various connections at 10-, 20- and 30-degree skews. For each RBS
and WUF-W prototype building, seven skewed and seven unskewed time-history analyses will
9

be conducted (per requirements of [19], [20]), making a total of 28 time-history analyses. The
following section presents the calculation of seismic acceleration parameters and base shear for
the seismic design of the RBS and WUF-W SMF buildings.

(a) Building Elevation

10°

30°

6 @ 30' o.c.

6 @ 30' o.c.

20°

30°

20°
N
W

E

10°

S

6 @ 30' o.c.

24.9'

4 @ 30' o.c.

24.9'

(c) Skewed Building

(b) Unskewed Building
Plan

Figure 6. Building Elevation and Floor plans
2.2.1 Seismic Acceleration Parameters for RBS and WUF-W SMF Buildings
Seismic base shear values for the prototype buildings shown in Figure 6 are calculated
using the Equivalent Lateral Force (ELF) procedure outlined in [19]. All buildings are located in
Los Angeles, CA, a highly active seismic area [19]. Risk category II and Site Class C is assumed
in this study. Additionally, the short period (SDS) and 1-second period (SD1) spectral acceleration
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parameters for building locations are calculated based on ASCE 7-16 [19]. A seismic importance
factor (Ie) equal to 1.0 (Risk category II) is assumed, and Seismic Design Category (SDC) D (SDS
> 0.5 and SD1 > 0.2) is considered for the ELF analysis. Table 1 shows spectral acceleration
parameters. The next section presents the seismic design proportioning of member sizes for the
RBS and WUF-W 6-story SMF building configurations.
Table 1. Spectral Acceleration Parameters for the investigation site and buildings periods
Location
SDS
Los Angeles, CA 1.583g

SD1
0.658g

Building Period (sec)
1.279

Base Shear (kips)
1954.422

2.2.2 Seismic Design of RBS and WUF-W SMF 6-story Prototype Buildings
The design of the RBS and WUF-W systems in this study are controlled by drift
requirements due to lower lateral stiffness inherent in SMFs, and strong column-weak beam
(SCWB) requirements. This is a typical practice for the moment frame design. All beam and
column sections are seismically compact [1], [21]. Considered beams and columns are of A992
steel, the most common material for rolled wide-flange sections in the U.S. The RBS and WUFW SMF systems are designed following the procedures established in [1]. Detailed calculations
for the design of the RBS and WUF-W buildings in this study are provided in Appendices A and
B, with a summary of building member sections presented in
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Table 2 and Table 3, respectively.
Table 4 shows the column properties. The next section presents finite element modeling
procedures for the prototype building designs having RBS and WUF-W connections.

12

Table 2. Member size for building having RBS and WUF-W systems
RBS System
Beam size

WUF-W System

Column size RBS cut dimensions (in)

Beam size

Column size

Story
a

b

c

1-2

W24×335

W 33×387

6.75

18.0

3.375

W 24×335

W36×652

3-4

W24×279

W 33×354

6.75

18.0

3.250

W 24×279

W 36×487

5-6

W21×201

W 33×241

6.75

18.0

3.00

W 21×201

W 36×330

Table 3. Doubler Plate and Continuity Plate size for building having RBS and WUF-W systems
Story

RBS System
Doubler Plate
(in.)

WUF-W System

Continuity Plate
(in.)

Doubler Plate
(in.)

Int.
Ext.
Int.
Ext.
Int.
Ext.
Column Column Column Column Column Column
1-2
3-4
5-6

1.625
1.375
1.125

0.625
None
0.625

1.625
1.375
1.125

0.625
None
0.625

3.0
3.75
2.25

None
0.875
0.5

Continuity Plate
(in.)
Int.
Column

Ext.
Column

1.875
1.75
1.25

1.25
1.125
0.875

Table 4. Column properties of buildings
𝑡𝑓𝑙
(in)

Story #

Column
size

Depth
(𝑑𝑐𝑜𝑙 )
(in)

1
2
3
4
5
6

W 33×387
W 33×387
W 33×354
W 33×354
W 33×241
W 33×241

36.0
36.0
35.6
35.6
34.2
34.2

2.28
2.28
2.09
2.09
1.40
1.40

1
2
3
4
5
6

W 36×652
W 36×652
W 36×487
W 36×487
W 36×330
W 36×330

41.1
41.1
39.3
39.3
37.7
37.7

3.54
3.54
2.68
2.68
1.85
1.85

𝑑𝑐𝑜𝑙 − 𝑡𝑓𝑙
Height
𝑡𝑓𝑙 3
(in)
(1/in2)
RBS system
2.84
168.5
2.84
156
3.67
156
3.67
156
11.95
156
11.95
156
WUF-W system
0.84
168.5
0.84
156
1.90
156
1.90
156
5.66
156
5.66
156
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J
(in4)

ФPn
(kips)

148
148
115
115
36.2
36.2

4440
4530
4120
4120
2790
2790

593
593
258
258
84.3
84.3

7640
7770
5740
5740
3860
3860

2.3 Finite Element Modeling of Prototype Buildings having RBS and WUF-W Connections
2.3.1 Modeling Geometry
Due to symmetry in the building layout geometry, only one-quarter of the seismic
framing is analyzed in ABAQUS, considering one-quarter of the building seismic mass. Figure 7
shows the portion of the buildings considered for the system-level analysis (for both the skewed
and unskewed geometries together with the selected SMF system for analysis). Note that the
column profile on the symmetry line is only half of the corresponding designated column
geometry at each story.
2.3.2 Boundary Conditions
Per AISC 358-16 [1], beams in the SMF systems should be laterally braced at several
locations along the beam length. To provide the least conservative bracing condition, the beam
bracing is located at a distance equal to half of the beam depth (db/2) from the end of the RBS
cut. Similarly, for the WUF-W SMF systems, the beam bracing is located at a distance equal to
1.5 times the beam depth (1.5db) from the column face. Floor slabs are not simulated in the
models, but a column constraint at the level of each beam top flange simulates the torsional
restrictions that the slab and adjacent gravity framing would provide. To account for the
continuity of the frame at the symmetry line, in-plane displacement, out-of-plane displacement,
and out-of-plane rotation along the line of symmetry are restrained (Ux = Uz = URy = 0.0 in
Figure 11).
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SMF being
considered in
analysis.

One quarter of building geometry
considered in analysis

b

a

Figure 7. Symmetry lines of the building plans (a) Unskewed building configuration; (b) skewed
building configuration.

2.3.3 Element Type and Geometry
All beam and column connections are modeled using four-node linear shell elements
(S4R in ABAQUS). The element configuration for RBS connections is shown in Figure 8.
Column shell elements extend a length of half of the column depth (dc/2) above and below the
level of the beam flanges. One-dimensional Timoshenko beam elements are used beyond the
connection regions where material stresses are expected to remain elastic. The joint between the
shell elements and the beam elements is connected with a rigid-body nodal constraint, as shown
in Figure 8. For RBS beams, the shell element is extended up to half of the column depth (db/2)
beyond the RBS cut, beyond which a beam element is used to reduce computational effort.
Element configuration for the WUF-W SMF buildings is shown in Figure 9. The WUF-W
buildings consider shell elements within the connection regions and are extended up to a length
of half of the column depth (dc/2) above and below the level of the beam flanges. Again, beam
elements are used to simulate other frame geometry outside the connections.
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1D Beam
Element

/2dc/2
db/2
/2

1D Beam
Element

RBS (Plastic Hinge)

/2dc/2

Protected zone
Rigid Body
Node

1D Beam
Element

Figure 8. Element configuration for RBS building models.

1D Beam
Element

Welding (Plastic Hinge)
/2dc/2
db

1D Beam
Element

/2dc/2

Rigid Body
Node

Protected zone

1D Beam
Element

Figure 9. Element configuration for WUF-W building models

2.3.4 Mesh Size
The general mesh size for shell elements within the connections is 0.5 in × 2 in. Since the
plastic hinge is expected to occur within a localized connection region [1], a refined mesh size of
0.5 in × 0.5 in is used within the RBS region or at the connection weld of the column face,
consistent with other analyses in [2], [16], [17]. For all beam elements outside the connection
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region, a mesh size of 5 in is used to reduce computational expense. Figure 10 shows mesh sizes
for the RBS and WUF-W models.

Figure 10. Mesh size for the RBS and WUF-W models
2.3.5 Loading
2.3.5.1 Gravity Loading
One-quarter of the building's gravity demands are considered for gravity loading (based
on symmetry) and are applied at each story level based on factored floor and roof loads. A
separate gravity column is added adjacent to the building model to apply the vertical gravity
loading to the structure. To account for gravity system stiffness, the added gravity column
represents the weak axis stiffness of one-quarter of the structure gravity columns (due to the
symmetry in the building layout). Additionally, the adjacent gravity column captures P-Delta
effects induced by the gravity loads during lateral frame displacements. This gravity column is
joined to the building frame by rigid links and pin connections to avoid moment transfer between
the gravity column and the building. Figure 11 shows the gravity column adjacent to the building
model, where connection links are shown with dashed lines. Lumped seismic masses, calculated
based on the tributary areas, are placed on each story's beam top flange level (shown in Figure
11). Table 5 presents the gravity column geometry and properties considered.
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Table 5. Geometry and properties of the gravity columns

1-2

Geometry
Area
Polar
2
(in )
Moment
of Inertia
(J) (in4)
10000
6465.79

3-4

9000

3175.79

5-6

8000

1212.11

Story
No.

Material properties
Shear
Poisson’s
Modulus
Ratio
(ksi)

Young’s
Modulus
(ksi)

29000

11600

0.3

Density
(kip/in3)

2.836E-10.

Lumped seismic masses
6

5

Line of Symmetry

4

3

2

z

1

x

Rigid
Connectors

y

z
Gravity
Column

x

A

B

C

D

Figure 11. Geometry of the gravity column

2.3.5.2 Earthquake Loading
FEMA P-58 [20]requires a minimum of seven earthquakes to be considered for a
building time-history analysis, where the building response is the mean response of the seven
earthquakes. For the time-history analyses of buildings in this study, data from past ground
motions (GMs) of earthquake events should be collected and scaled.
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Probabilistic seismic hazard analysis (PSHA) is used in this study for the GM selection.
The goal of PSHA is to quantify the probability of exceeding various GM levels at a site, given
all possible earthquakes. To compute the seismic hazard for a specific site, PSHA couples
earthquake magnitude and distance with probabilities of several earthquake scenarios, taking
uncertainties in GM predictions into account by using several GM prediction models [18]. In the
present study, the deaggregation method is used to identify parameters of earthquake scenarios
that affect/contribute to the GMs of an earthquake hazard. The deaggregation analysis results are
based on the fault type, earthquake magnitude, and fault distance under a specific Sa.
The present study uses the Unified Hazard Tool (UHT) to perform the deaggregation
analysis for the buildings considered in the analysis. UHT inputs require the longitude and
latitude of the building site, site class, spectral acceleration (Sa), and building period. The
location of the building is Los Angeles, CA, and the considered Site Class is C. The Sa and
approximate period for the SMF buildings in this study were calculated using the ELF procedure
described earlier (Table 1). Note that the period calculated using the ELF procedure is based on
the response modification factor (R value) of the structure. The response modification factor, a
measure of system ductility, is the same for both the RBS and WUF-W systems (equals 8.0).
Deaggregation results are extracted for Sa values of 0.2Sa, 1.0Sa, and 2.0Sa.
Results from deaggregation analysis at Sa values of 0.2Sa, 1.0Sa, and 2.0Sa show that the
total contribution of each spectral acceleration value to earthquake events is 37.56%, 47.18%,
49.58%, respectively. Detailed results of deaggregation analysis are given in Appendix C. Table
6 presents the deaggregation results for the faults with the highest contributions in all 0.2Sa,
1.0Sa, and 2.0Sa cases. The highest contributors are Elysian Park (Upper), Puente Hills (LA),
Newport-Inglewood, and Compton. Note that faults with contributions less than 2% are not
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shown in the tables but are provided in Appendix C. In addition, Table 6 presents the fault
distance to rupture, magnitude, and contribution for the four faults at 0.2Sa, 1.0Sa, and 2.0Sa,
respectively. Table 6 indicates that the Elysian Park (Upper), Puente Hills (LA), and Compton
faults are reverse (thrust) faults. Also, Elysian Park (Upper) and Puente Hills (LA) faults have
the highest contribution (almost 12% and 9%, respectively) for all Sa values. Distances to
rupture of the Elysian Park (Upper) and Puente Hills (LA) faults are approximately 5.94 km for
all spectral acceleration values. Earthquake magnitudes for the four major fault systems are in
the range of 6.5 to 7.5 Moment Magnitude (Mw). Based on the results, in the present study, the
reverse fault type, distance to rupture equal to 6.0 km, and earthquake magnitudes in the range of
6.5 Mw to 7.5 Mw will be used to select the proper GMs.
Table 6. Deaggregation analysis for downtown Los Angeles, CA
Fault Name

Fault
Type

Rrup (Km)

Magnitude (Mw)

Contribution (%)

0.2Sa 1.0Sa 2.0Sa 0.2Sa 1.0Sa 2.0Sa 0.2Sa 1.0Sa 2.0Sa
Elysian Park
(Upper)

Reverse

5.94

5.94

5.94

6.60

7.09

7.16

12.39 11.64 11.90

Puente Hills (LA)

Reverse

5.82

4.31

4.31

7.13

7.18

7.20

5.00

9.36

9.32

NewportInglewood alt 1

Strikeslip

11.93 11.41 11.46

6.67

7.01

7.10

3.29

2.47

7.10

Reverse 14.21 14.21 14.21

7.26

7.36

7.39

1.83

4.30

7.39

Compton

After deaggregation, proper GMs are selected among existing GM data. The proper GMs
are chosen using the Pacific Earthquake Engineering Research Center (PEER) Next Generation
Attenuation (NGA) database. Based on the deaggregation results, Reverse fault type, earthquake
magnitude of 6.5 Mw to 7.5 Mw, and distance to rupture of 6 km are used to select GMs that
represent a maximum considered earthquake (MCE) demand having a 2% probability of

20

exceedance in 50 years. Note that final GM selection includes different records to avoid
recording station bias. The selected GMs for the buildings considered in this study are listed in
Table 7, following the requirements of [19], [20].
Each earthquake record contains three acceleration components (x, y, and z directions).
However, only the x-direction horizontal acceleration component is considered for the seismic
demands in this study. The x-direction horizontal accelerations of the seven selected earthquake
events are given in Figure 12.
Table 7. Selected ground motions for Los Angeles- Reverse Fault
Event Name

Year

Mwa

Station Name

PGA(g)b

Rrup(km)c

SFd

Northridge-01

1994

6.69

LA Dam

0.426

5.92

1.25

Gazli, USSR

1976

6.80

Karakyr

1.698

5.46

0.99

Iwate, Japan

2008

6.90

IWTH26

1.069

6.02

0.44

Loma Prieta

1989

6.93

Los Gatos - Lexington
Dam

0.443

5.02

1.30

Loma Prieta

1989

6.93

Gilroy Array #2

0.370

11.07

1.41

Cape
Mendocino

1992

7.01

Cape Mendocino

1.494

6.96

0.46

Tabas, Iran

1978

7.35

Dayhook

0.409

13.94

1.66

a

Earthquake Magnitude
Peak Ground Acceleration
c
Distance to fault rupture
d
Scale Factor
b
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Figure 12. X-direction accelerations for the selected earthquakes
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For time-history analysis, the earthquake accelerations must represent realistic seismic
demands based on time and amplitude. There are two approaches to modify the earthquake timehistories to match them with the considered design response spectrum: 1) scaling and 2) spectral
matching. In this study, the scaling method is used. The scaling method alters the original timehistory by a scaling factor to match the design spectrum and scaled time-history. The procedure
of calculating a scale factor is based on diminishing the differences between the target spectrum
and the earthquake acceleration time-history [16],[ 20]. Scaling is performed in the same period
range, taken between 0.2T and 1.5T, where T is the period of the designed building [19].
Matching the selected GMs with the design response spectrum is done using Equation 1:
𝑇

𝑆𝐹 =

𝑡𝑎𝑟𝑔𝑒𝑡
𝑆𝑎𝑎𝑐𝑡𝑢𝑎𝑙 𝑆𝑎
𝐴
𝑇𝐵
∑𝑇=𝑇
(𝑆𝑎𝑎𝑐𝑡𝑢𝑎𝑙 )2
𝐴

𝐵
∑𝑇=𝑇

Equation 1
𝑡𝑎𝑟𝑔𝑒𝑡

In Equation 1, SF is the scale factor, 𝑆𝑎

is the target acceleration response spectrum, 𝑆𝑎𝑎𝑐𝑡𝑢𝑎𝑙

is the acceleration response spectrum of a given earthquake, TA is lower period response spectra
(0.2 T), and TB is upper period response spectra (1.5 T). All horizontal accelerations are scaled
relative to the design response spectrum of the building being considered using the
corresponding scale factors (shown in Table 7). The building system models are subjected to the
scaled acceleration parameters at the column bases of the buildings and in the strong axis.
2.3.6 Material Properties
A572 Gr 50 steel material is used for all time-history analyses [11,14, 15, 37, 38]. To
model nonlinear material behavior, a combined hardening model is used, which considers both
isotropic and kinematic material hardening. Two pairs of parameters define isotropic and
kinematic hardening behavior (Q, b) and (C, γ), respectively. Q defines the maximum size of the
yield surface, b determines the yield surface change rate, C defines the initial kinematic
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hardening modulus, and γ determines the decrease in kinematic hardening modulus rate.
Following previous analytical investigations using combined hardening ([13 and 15]), the present
work uses the following values for the combined hardening parameters: yield stress = 63.5 ksi,
C=406.18, and γ=37.175.
Five percent (5%) Rayleigh damping is considered in this study, which is calculated
based on the first and third vibration modes of each frame model. Frequency analysis is initially
performed for each frame model to obtain modal frequencies, after which the Rayleigh damping
parameters ( and β) are calculated using Equation 2. Rayleigh damping parameters for each
building model are shown in Table 8.
Figure 13 shows fundamental building modes for the skewed RBS configurations
determined from a frequency analysis.


ᵢ = 2ᵢ +

𝛽ᵢ

Equation 2

2

Table 8. Frequency analysis results and damping parameters
# Connection
Type

Plan
skewness

1

RBS

Skewed

2

RBS

3

WUF-W

4

WUF-W

ω1

ω3

α

β

5.4758 5.6062 0.277937 0.008993

Unskewed 3.2621 6.5602 0.217872 0.010180
Skewed

3.2986 5.2305 0.202288 0.011724

Unskewed 3.2350 3.2454 0.162057 0.015426
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Figure 13. Fundamental building modes determined from a frequency analysis of the
skewed RBS configurations
2.3.7 Initial Imperfections
Fabrication tolerances resulting in geometric imperfections exist in actual construction.
To account for geometric imperfections that may affect analysis results, eigenvalue buckling
analyses are conducted for each building configuration. Results are used to introduce the initial
imperfection to the main building models for a more realistic simulation. The magnitude of the
initial imperfection is considered to be h/1000, where h is the height of the column’s unbraced
length [25]. The column’s unbraced length considered for this study is 168.5 in, which is the
unbraced length of the column at the first story (column lengths of other stories are 156 in). The
first mode of buckling, which is the lowest mode, is considered for including the effect of initial
imperfections. Note that the first mode is the most critical initial imperfection (a conservative
approach) [2], [16], [17], [23]. Figure 14 represents a column out-of-straightness tolerance
applied using the fundamental buckled mode shape. The buckling analysis results are derived
from the frequency analyses in ABAQUS.
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Figure 14. (a) Initial imperfections; (b) Instability mode; (c) Amplification of the instability
mode by the limited criterion [17]

2.3.8 Calculation of Demands
FEMA P-58 [20]states that a minimum of seven GMs should be analyzed for a time-history
analysis, and the average (mean) values for demands (such as interstory drifts, residual drifts,
column axial loads, and column twists) should be calculated and considered as demands. The
following section presents methods of calculating the demands.
-

Peak interstory and Residual Drifts
Peak interstory drift is defined as the difference between the displacements at the centers

of masses of stories (Figure 15). The residual interstory drift, hereafter called the residual drift, is
the remaining drift in the column at the end of the earthquake.
-

Column Twist
Figure 16 shows the schematic of calculating the column twist. Based on the figure, the

twist is calculated using the following equation (column depth is given in
Table 4):
𝑇𝑤𝑖𝑠𝑡 =

𝛥2+ 𝛥1

Equation 3

𝑑𝑐𝑜𝑙
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3

3

2

2

1

1

Figure 15. Calculation of peak interstory drift
-

Column Axial Force
The column axial force at each column story is normalized with respect to the nominal

capacity of columns per [26]. The nominal capacities of columns are given in Table 4.

Beam

dcol

C.R

θ

Figure 16. Calculation of column twist
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-

Yielding at Column Flanges and Plastic Hinge Regions
Yielding at column flanges and plastic hinges of beams are determined by measuring the

accumulated equivalent plastic strain (PEEQ) within the connection region. The peak PEEQ is
extracted at one element with the highest PEEQ value throughout the earthquake (thus, the local
yielding is presented). Since previous studies [14], [15], [17] suggest the potential fracture
initiation at the column flange nearby the beam bottom flange, this study reports the column
flange yielding only at the column region under the beam bottom flange (Figure 17 (a)). For the
same reason, the peak PEEQ at plastic hinges are extracted at the beam bottom flange (shown in
Figure 17 (b) and Figure 17 (c)).

Plastic
hinge

Location of extracting
peak PEEQ for column
flange

Plastic
hinge

Column flange

Figure 17. Location of interest to extract the column flange yielding
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2.4 Results of Time-History Analyses
The system-level dynamic performance of the prototype buildings is presented in this
section, and the demands of unskewed and skewed buildings are compared.
2.4.1 Global Behavior
The global behavior of building configurations is compared in this section. Variations of
interstory and residual drifts, column twist, column axial loads, and column flange yielding are
investigated through earthquakes.
Figure 18 shows that the peak interstory drifts are almost similar for unskewed and
skewed buildings. However, the acceleration corresponding to the peak intersotry is different for
the unskewed and skewed buildings. This figure shows that the skew effect does not affect the
peak interstory drift value. Additionally, Figure 18 shows that for both unskewed and skewed
buildings, the first story has the highest intersotry drift than other stories. Results of other
earthquakes also show the same behavior but are not shown here for brevity.
Figure 19 shows the effect of skew on column twist variation at different stories under
the Cape Mendocino earthquake. Figure 19 shows the column twist for Column C (30-degree
skewed) of skewed RBS building. It can be seen that while the unskewed buildings have column
twists of almost equal to zero, the column twist of the skewed building is in the range of -0.005
to 0.005 degrees. Results of other earthquakes also show the same behavior (all unskewed
buildings have column twists equal to zero, but the skewed buildings have non-zero column
twists). Results of column twists for other earthquakes are not shown for brevity. Additionally,
results for all earthquakes show that the column axial force, yielding at column flanges, and
yielding at plastic hinges are always maximum in the first story of the buildings (for both
unskewed and skewed RBS and WUF buildings). Results are not shown for brevity.
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Figure 18. Effect of skew on the Interstory drift variation at different stories under the
Cape Mendocino earthquake.

Figure 19. Effect of skew on column twist under the Cape Mendocino earthquake
Figure 20 shows the variation of interstory drift for the first story of RBS buildings
throughout the Cape Mendocino and Gazli earthquakes. Results are shown for only the first story
of buildings because the first story has the highest interstory drift than other stories. Figure 20
shows that the variation of intersotry drifts of all columns under an earthquake (within both
unskewed and skewed buildings) are similar through the earthquake. However, the acceleration
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corresponding to the peak interstory drifts is different under different earthquakes. In addition,
Figure 20 shows that the peak intersotry drift is independent of the PGA of the earthquakes.
Figure 21 shows the column twist variation under two different earthquakes. Note that
results are shown for only the first story of buildings because the first story has the highest
column twist than other stories. Figure 21 shows that the variation of column story of all
columns under an earthquake (within both unskewed and skewed buildings) is similar through
the earthquake. However, the peak column twist locations are different at different earthquakes.
In addition, Figure 21 shows that the peak column twist is independent of the PGA of the
earthquakes.
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Figure 20. Interstory drift variation for the first story of RBS buildings throughout
earthquakes (a) Column A- Cape Mendocino; (b) Column A- Gazli; (c) Column B- Cape
Mendocino; (d) Column B- Gazli; (e) Column C- Cape Mendocino; (f) Column C- Gazli
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Figure 21. Column twist variation for the first story of skewed RBS buildings: (a) Ground
motion of Cape Mendocino earthquake; (b) ground motion of Gazli earthquake; (c) Column twist
of skewed RBS building under Cape Mendocino earthquake; (d) column twist of skewed RBS
building under Gazli earthquake
Figure 22 shows the variation of normalized column axial forces for the columns of
unskewed and skewed RBS buildings. Figure 22 shows that for both unskewed and skewed
buildings, Column A has the highest axial force, and Column B has the lowest axial force. In
addition, Figure 22 shows that the skewed buildings experience lower column axial force than
the unskewed buildings in both earthquakes. Moreover, the peak column axial force is
independent of the PGA of the earthquakes.
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Figure 22. Normalized column axial force variation for the first story of skewed RBS
buildings: (a) Ground motion of Cape Mendocino earthquake; (b) ground motion of Gazli
earthquake; (c) Column A- Cape Mendocino; (b) Column A- Gazli; (e) Column B- Cape
Mendocino; (f) Column B- Gazli; (g) Column C- Cape Mendocino; (h) Column C- Gazli
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2.4.2 Effect of Skew on Peak interstory and Residual Drifts
This section presents the mean responses for the peak interstory and residual drifts of the
seven earthquakes considered for time history analyses. Figure 23 shows the intersotry and
residual drifts for columns A, B, and C of unskewed and skewed buildings with WUF-W or RBS
connections. Figure 23 shows that the skewed buildings have slightly higher intersotry and
slightly lower residual drifts than the unskewed buildings. Similarly, the columns of WUF-W
skewed buildings have slightly higher interstory but slightly lower residual drifts than the RBS
skewed buildings. In addition, the interstory and residual drifts of Columns A, B, and C of the
unskewed buildings (both WUF-W and RBS connections) are almost similar; and equal to 0.05
rad and 0.04 rad for WUF-W and RBS buildings, respectively. Similarly, the peak residual drift
of Column A is 0.02 rad, and the peak residual drifts of both columns B and C is 0.015 rad. Note
that the peak interstory and residual drifts occur at the first story of columns (Column A-1,
Column B-1, and Column C-1). In contrast, for the skewed buildings (both WUF-W and RBS),
the interstory and residual drifts of Columns A, B, and C are similar. Note that Column A has a
10-degree skew, Column B has a 20-degree skew, and Column C has a 30-degree skew in the
skewed buildings. The peak intersotry drift is 0.033 rad (occurring at the first story of columns),
and the residual drift peaks at approximately 0.018 rad for all Columns A, B, and C.
For both unskewed and skewed buildings, unlike the first story, the interstory drifts of the
second to sixth stories are always almost equal in both RBS and WUF-W buildings. The higher
peak interstory drift at the first story compared to the other stories can be due to the formation of
a soft story in the first story [27]. The second highest peak occurs at the sixth story of the
buildings (again similar for both unskewed and skewed buildings), where the peak drift is
approximately 0.019 rad.
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The peak residual drift for both unskewed and skewed buildings is 0.015 rad (occurring
at the first story). However, the residual drifts at the second to sixth stories are always higher in
the unskewed building compared to the skewed building. The lower residual drift of the columns
in the skewed buildings can be related to the higher column twist in the skewed buildings, which
is discussed in the next section. The residual drifts of stories two through six are always between
0.005 rad to 0.01 rad for both unskewed and skewed buildings, implying that the second to sixth
stories of the skewed buildings have the same interstory drift ratios as the unskewed buildings.
Note that in SMF design, inelastic story drifts are estimated using a Cd factor to scale
results from elastic analysis (ASCE, 2016), which is a convenient design approach despite being
crude. Response history analysis of low-rise buildings (up to 4 stories) and mid-rise buildings (4
to 12 stories) show larger inelastic story drifts than those estimated with Cd ([28]–[30] The
building configurations considered in this study can be considered as mid-rise buildings, as they
have six stories. Therefore, the slightly higher mean response interstory drifts of the buildings in
this study are acceptable. In addition, ASCE 7-16 [26] and Uang [39] state that under a nonlinear
response history analysis of SMFs, 0.04 rad drift is the expected drift ratio at the maximum
considered earthquake (MCER) level. Therefore, the results of this study comply well with
ASCE 7-16 [26] and Uang [39]. Since a Cd factor overestimates the drifts, the residual story
drifts are also overestimated. Therefore, the residual drifts in this study are slightly
overestimated. FEMA-P58-1 [20] established residual drift thresholds for buildings, stating that
0.01 rad residual drift is the threshold for major structural damage. Therefore, it can be
concluded that the residual drifts of buildings (both unskewed and skewed) are under the
structural damage threshold. Results of this section indicate that skew angles in building columns
(both RBS and WUF-W connections) reduce the interstory drift.
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Figure 23. Interstory and residual drifts
2.4.3 Effect of Skew on Column Twist
Figure 24 presents the mean response of column twists for Columns A, B, and C of
unskewed and skewed buildings. Figure 24 shows that in unskewed buildings, Column A
experiences the highest column twist, peaking at approximately 0.1 degrees (at the first story).
For other stories, the column twist is almost zero. The column twist at the first story can b due to
the formation of a soft story. Therefore, the column twist of unskewed buildings is negligible.
The trend of column twist variation for skewed buildings is different than the unskewed
buildings. In this regard, Column C (with a 30-degree skew, as shown in Figure 24 (c)) has the
highest column twist, and Column A (with 10-degree skew, as shown in Figure 24 (a)) has the
lowest peak column twist. In the skewed buildings, the peak column twist of Columns A, B, and
C (for both RBS and WUF-W) occurs at the first stories. However, the peak column twist is
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higher in RBS buildings than in the WUF-W buildings. This finding implies that the column
twist increases significantly by increasing the skew angle from 0 degrees to 30 degrees.
Figure 25 shows the relationship between the peak column twist and the polar moment of
inertia (J) of columns used in the RBS and WUF-W buildings (see
Table 4 for the J values of columns considered in the design of buildings). Results are
only shown for the skewed buildings. Figure 25 shows that columns of the RBS buildings are
more sensitive to the variation of the J value than the columns of the WUF-W buildings.
However, for both types of connections, an increase in the J value reduces the peak column twist.
In this study, the investigation into the effect of column depth is not possible as the column
depths are almost similar at different stories of the WUF-W and RBS buildings.
Comparison of Figure 24 to Figure 25 implies that the higher column twist in the sixth
story is due to the column's lower polar moment of inertia (J). For instance, in the RBS
buildings, the J value of the first and second stories is 148 in4, whereas the J value of the fifth
and sixth stories is 36.2 in4. For the same reason, columns at the third and fourth stories of the
RBS buildings have lower twists (compare the J values of the columns at the third and fourth
stories to the fifth and sixth stories in Table 4 ). Although the columns at the first stories have the
highest J values, their higher twist than the third and fourth stories can be due to the formation of
a soft story in the first story. Therefore, results confirm that while the skew angle increases the
column twist, the polar moment of inertia has a resisting effect (torsional stiffness), implying the
importance of considering the J value in the design of laterally skewed SMF connections.
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Figure 24. Column twist analysis results for (a) Column A; (b) Column B; (c) Column C

Figure 25. Relationship between the column twist and polar moment of inertia (J) of columns

2.4.4 Effect of Skew on Column Axial Force Demands
This section presents the normalized column axial force at columns of unskewed and
skewed buildings. The column axial force of each column is normalized with respect to its
nominal capacity (ФPn) per [26]. The nominal capacities of columns are given in Table 4, and
the results are shown in Figure 26.
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Figure 26 shows that for all columns (Columns A, B, and C), the columns of skewed
buildings have lower axial force demands than the columns of the unskewed buildings. In
addition, the column axial force demands of WUF-W buildings are lower than those of the RBS
buildings, which is due to the higher column axial capacities of columns used in the WUF-W
connections. In addition, Figure 26 shows that for unskewed buildings, the normalized column
axial demands of all columns (both skewed and unskewed buildings) peak at the first story,
approximately equal to 0.2).
In addition, Figure 26 compares the axial forces of Columns A, B, and C within the
skewed buildings. The figure shows that Column A (with a 10-degree skew) has a higher axial
force than Columns B (with a 20-degree skew) and Column C (with a 30-degree skew).
Therefore, column axial force reduces by increasing the skew angle. Reduction in the column
axial force demands due to skew angle is because of column twist (skew angle causes column
twist, and the column twist reduces the column axial force demands). The column twist analysis
results (in the previous section) show that the column twist of RBS buildings is higher than the
column twist of WUF-W buildings, suggesting a higher reduction in the column axial demands
of the RBS buildings than the WUF-W buildings. However, Figure 26 shows that the reduction
in the column axial forces of the skewed WUF-W buildings is more than the reduction in the
columns of RBS buildings. This behavior is due to column geometrical properties (the WUF-W
columns have higher J values than the RBS columns, see Table 4).
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Figure 26. Normalized column axial forces
2.4.5 Effect of Skew on Yielding at Column Flanges
Yielding at column flanges is investigated by measuring the PEEQ in that region. Figure
27 shows the PEEQ distribution at the column flanges within the unskewed and skewed
buildings. As shown in Figure 17, the PEEQ is only reported for the column flange in the
vicinity of the beam bottom flange (the PEEQ of the column flange in the vicinity of the beam
top flange is not reported). Results show that for all column flanges, the peak PEEQ occurs on
the acute side of the skew angle (see Figure 2 for the definition of the acute side of skew angle).
Figure 27 shows that the PEEQ is higher at the unskewed buildings than the skewed buildings. In
addition, for both unskewed and skewed buildings, the peak PEEQ occurs at the column flange
of the first story, reduces at second to the fifth stories, and again maximizes at the sixth story.
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Figure 27 also shows that for both columns of unskewed and skewed buildings, the
column flanges of RBS buildings always experience higher PEEQ than the column flanges of
WUF-W buildings.
For unskewed RBS buildings, the peak PEEQ of Column A is almost 0.11 in/in, and the
peak PEEQ of Columns B and C are similarly equal to 0.06 in/in (all of them occurring at the
first story). For skewed RBS buildings, the peak PEEQ of Column A is approximately 0.005
in/in, and the peak PEEQ of Columns B and C is 0.06 in/in. On the other hand, for both
unskewed and skewed WUF-W buildings, the peak PEEQ of Columns A, B, and C is
approximately 0.005 in/in (although the PEEQ of the skewed connection is slightly lower). This
finding implies that the column flanges of WUF-W connections experience less yielding than the
RBS connections. Additionally, the results of this section imply that increasing the angle of skew
reduces the yielding at the column flange. However, it should be noted that for the 20-degree and
30-degree skew columns, although the PEEQ reduces, the column twist increases, especially for
the 30-degree skew connections.
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Figure 27. PEEQ distribution at the column flange of columns
2.4.6 Effect of Skew on Yielding at Plastic Hinges
The yielding at plastic hinges is investigated by measuring the peak PEEQ within the
plastic hinge regions of the connections within the unskewed and skewed buildings. Results are
shown in Figure 28. Results show that the peak PEEQ occurs on the acute side of the skew angle
for all plastic hinges. The highest peak PEEQ occurs at the connections of the first stories (for
both unskewed and skewed buildings). Figure 28 also shows that the columns of skewed
buildings have higher PEEQ values than the columns of unskewed buildings. Therefore, the
skew angle increases the yielding at the plastic hinges. In addition, Figure 28 shows that the
effect of skew angle on the PEEQ at plastic hinges of WUF-W connections is more significant
than the RBS connections. In this regard, in the WUF-W buildings, Column A (with a 10-degree
skew) experiences higher PEEQ than Column B (with a 20-degree skew, as shown in Figure 28
(b)) and Column C (with a 30-degree skew, as shown in (c)). Reduced PEEQ in the higher skew
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angles can be due to the increased column twist resulting from that skew. In contrast, the effect
of skew angle on columns of RBS buildings is less than the columns of WUF-W buildings. In
this regard, the PEEQ trend in all columns of both unskewed and skewed RBS buildings are the
same for all connections (see the graphs of columns in Figure 28 (a), (b), and (c)). Therefore, the
yielding at the plastic hinges of RBS connections is less sensitive to the skew angle than the
WUF-W connections.
Results of this section imply that the effect of skew is significant for the plastic hinges of
the WUF-W connections, but the effect of skew is insignificant to the plastic hinges of the RBS
connections. This is due to the lower column twist of the WUF-W connections. Note that the
plastic hinge location for a WUF-W connection is close to the welded zone that connects the
beam to the column flange, whereas the plastic hinge location of an RBS connection is away
from the beam-to-column welded zone. Therefore, it can be concluded that the effect of skew
angle, and the increased yielding at the plastic hinge of the RBS connections, is not a concern
(because the increase in the yielding of the plastic hinge of the RBS connection does not affect
the welded zone within the connection face). In contrast, since the plastic hinge location of the
WUF-W connection is in the vicinity of the welded zone, increased yielding of the plastic hinge
is an issue for the WUF-W connections.
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Figure 28. PEEQ distribution at plastic hinges
2.5 Design Recommendations
Time-history dynamic investigations show that the skew angle reduces all column
demands by increasing the column twist, including interstory and residual drifts, column flange
yielding, and column axial force. The reduction in the column demands is due to an increase in
the column twist (column twist is the only demand that increases at the result of skew angle).
Figure 29 depicts the reason for the higher column twist of the columns of skewed buildings. For
both WUF-W and RBS connections, the skew within the connection face increases the out-ofplane bending and increases column twisting. The skew results in beam moment components
along both the strong and weak axes of the column, which leads to the development of torsional
forces (Tskew) within the column section. The torsional stiffness of the column (the J value and
𝑑𝑐𝑜𝑙 −𝑡𝑓𝑙
𝑡𝑓𝑙 3

ratio) resists against the torsional force, and thus higher torsional stiffness of the column
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reduces the effect of Tskew. In this study, the torsional stiffness of the columns of WUF-W
buildings is higher than those of the RBS buildings (see Table 4 for torsional stiffness
properties); therefore, the WUF-W columns have lower twists than the RBS columns. The higher
column twist is the reason for lower column axial force and lower column flange yielding. Also,
because of their lower column twists, the WUF-W connections are less sensitive to the skew
angle changes than the RBS connections. This implies the importance of considering the J value
of columns in the design of skewed SMF connections. This is recommended that in order to limit
the column twist, columns with higher J values should be considered in the design of skwed
SMF connections.

Figure 29. Column twist and force produced by out-of-plane skew
2.6 Summary of Chapter
In this chapter, an investigation into the system-level dynamic performance of six-story
buildings was conducted considering unskewed and skewed configurations with WUF-W and
RBS SMF connections. The skewed building had 10-, 20-, and 30- degrees skewed columns. The
building was in a high seismic area (Los Angeles, CA). Ground motion (GM) selection was
made using the deaggregation method, and seven GMs were selected per FEMA-P58 [20].
Results show that skew angle causes column twists, which reduces all column demands. Results
show that the interstory and residual drifts of the columns of skewed buildings are lower than the
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drifts of columns of the unskewed building. Additionally, in the columns of skewed buildings,
while the column twists are higher, the column axial force and column flange yielding are lower.
This behavior is due to the out-of-plane force developed within the connection due to the skew
angle. In addition, peak yielding always occurs on the acute side of skew. Moreover, the peak
demands, such as interstory and residual drift, column axial force, and column flange yielding,
always occur at the connections of the first story. Results also show that the column twist is more
a function of the column polar moment of inertia (J value) than the skew angle. Comparison of
WUF-W and RBS buildings shows that the column twists of WUF-W columns are lower because
they have higher torsional properties. Results imply that the connections with 10, 20, and 30
degree skews survive all demands under actual earthquake events.
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CHAPTER 3. EFFECT OF COMPOSITE SLAB ON SKEWED SMF BEHAVIOR
3.1 Introduction
Prequalification testing of new connections or configurations is often limited to bare-steel
framing (with no composite concrete slab). Recent analytical studies investigating bare-steel
skewed SMFs [2], [16], [17] suggest adequate moment capacity and slight deviation in behavior
from unskewed connection configurations. However, studies conducted by [31] reveal that
during the 1994 Northridge earthquake, composite action developed by the concrete slab could
be responsible for the high number of beam bottom flange fractures when compared to the
number of beam top flange fractures. Bruneau et al. [31] showed the effect of the neutral axis
shift caused by the slab presence, resulting in larger axial deformation demands on the beam
bottom flange.
Several studies have investigated the effect of a composite concrete slab on RBS and
WUF-W SMF connections having orthogonal (unskewed) geometries, demonstrating increased
connection strength and a delay in moment capacity degradation during cyclic loading [5], [32],
[33]. Research by [5] showed that the effect of the concrete slab is more significant on shallower
beam sections (W14× section) than deeper beam sections (W27× sections). However, in the
studies of [5], [32], [33], a beam bracing near the RBS was used, whereas the current AISC
provisions [1] do not require supplementary top and bottom flange bracing at the RBS when
using a composite slab.
Dominguez and Prinz [34] analytically investigated the effect of a composite concrete slab
on RBS skewed connections having skew angles of 10, 20, and 30 degrees. The results of [34]
demonstrate that the concrete slab increases connection moment capacity at larger drifts,
contributing to a delay in beam buckling. Additionally, the slab presence reduced column twist
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(for all shallow, medium, and deep columns) for 10-degree skewed connection, whereas for the
30-degree skew, column twist increased. An increase in the twist in the 30-degree skew
composite connections is due to the combined result of an increase in the beam-line eccentricity
with respect to the column section centroid and a shift in the neutral axis of the beam section,
leading to increased bottom flange forces within the composite section. All skewed connections
(10-, 20- and 30-degree skews) in [34] survived the 0.4 rad story drift of the AISC
prequalification protocol without strength degradation below 0.8Mp. However, increased plastic
strain demands near the beam bottom flange connection for the 20- and 30-degree skews may
indicate low-cycle fatigue fracture issues when a concrete slab is present. Although (Dominguez
& Prinz, 2021) investigated slab effects on skewed RBS connections, effects on skewed WUF-W
connections were not investigated. In this chapter, component-level analytical investigations into
the behavior of skewed WUF-W SMF connections having a concrete slab are presented, after
which sub-models are developed to investigate the ultra-low-cycle fatigue and crack initiation
conditions within the connection regions.
3.2 Parametric Investigation into Composite Slab Effects
This parametric study investigates WUF-W connections having a composite concrete slab
and shallow, medium, and deep columns (W14×, W24×, and W33× columns, respectively) with
beam connections having a 20-degree skew.
All steel-concrete (composite) skewed frames in this study are designed based on the strong
column weak beam (SCWB) principle, section seismic compactness, and following the design
procedure outlined in AISC 358-16 [1]. A three-level interior configuration (shown again in
Figure 30) is used for the framing configuration, consistent with [34]. The designed frames
consider 0-degree and 20-degree beam skew angles for comparison. Appendix D presents the
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individual frame design details, and Table 9 summarizes the considered member sizes (a total of
6 composite models).
Table 9. Modeling matrix of the composite models - Beam and column sections
#

Connection
Type

Column

Beam

Skew angle
(deg)

Concrete
(psi)

size

size

1&2

WUF-W

W 14×257

W 24×76

0 & 20

4000

3&4

WUF-W

W 24×162

W 24×76

0 & 20

4000

5&6

WUF-W

W 33×354

W 36×150

0 & 20

4000

3.3 Boundary Conditions
All model frames have the three-level interior configuration (a two-sided connection, as
shown in Figure 30). In Figure 30, the second story connection is the only connection of interest,
having reasonable column torsional boundary conditions. Similar to the experimental composite
SMF testing in Jones et al. [13], all boundary conditions are applied to the steel sections only,
with no external boundary conditions restraining movement of the concrete slab effective
section. The continuity of the concrete slab with the framing provided a column rotation
constraint. To simulate such constraints, rotation boundary constraints are placed at the
intersection of the column centerline and beam top flange level. According to AISC 358-16,
lateral bracing close to the protected zone is not required if the beam supports a concrete
structural slab and the slab is connected to the beam with shear studs (which is assumed in this
study). The concrete slab effective width is taken as 96 in, calculated using formulations
established in (ACI 318-14). Figure 31 shows the elements to be considered for the effective
width calculation, where h is the slab thickness plus the beam depth (db), Sw is the tributary
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width of the beam, and Ln is the beam length between supports. The value of beff is the smallest
of the following terms: 8h, Sw/2, Ln/8 [35].
Column support
,

DOF:

,

Beam

,

Column 3

Beam

Beam end (Typ.)
,

DOF:

(

𝑖 𝑑),

,

Connection of Interest

Connection of Interest

Composite Slab

Beam

Column 2

Beam

Beam

Skewed SMF steel
framing

Column 1

Beam

z

y

Column support
x
DOF:
15ft

,

15ft

Figure 30. Boundary conditions for three-level component level investigations

Figure 31. Effective width calculation per ACI 318-14 [35]

The considered concrete slab is 5.5 in thick and reinforced with #4 Grade 60 bars spaced
at 12 in (1 ft) in both directions. The studs are spaced in 12 in (1 ft) intervals along the beam
length (consistent with the metal deck sheet specifications and rib dimensions) except for the
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protected zone (to avoid possible adverse effects due to the heat generated during welding).
Figure 32 (a) and (b) show the stud configuration placement. Each shear stud has a diameter of ¾
in. and a height of 3.5 in. The deck profile (rib height) is 2 in, as shown in Figure 33. The plan
view of the assembly is shown in Figure 34. The steel metal decking geometry is not considered
explicitly in the modeling of the slab; instead, the assigned slab thickness is equivalent to onehalf of the profile metal deck plus the concrete thickness over the rib ridge (thus, the equivalent
thickness is

ri height
2

+ concrete thickness over the rib, which equals 4.5 in).

12 in.
(a)
Protected zone
( Typ.)

Column

Studs

Beam

(b)

#4 Bars,Gr. 60; 12 in. c-c; Both directions

Metal Deck Sheet

Concrete, f ' c = 4000 psi

Column

5.5 in.
2.0 in.

Beam

(c)

Figure 32. SMF bare steel subassembly (a and b) and composite subassembly (c).

Figure 33. Enlarged view of the concrete slab connected to the metal deck
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Column

20°

20°

Studs

Slab

Figure 34. Plan view of skewed SMF connection and concrete

3.4 Finite Element Modeling of Connections with Concrete Slab
3.4.1. Element Configuration and Mesh Size
Column and beam sections are modeled using shell elements (S4R), while the concrete
slab is modeled using solid elements (C3D8R in ABAQUS). All stud connectors for the
composite load transfer are modeled using beam elements embedded within the solid element
slab. All slab reinforcing bars are modeled using truss elements (T3D2 in ABAQUS), having a
cross-sectional diameter of 0.5 in (similar to the experimental setup in Jones et al.[5]). Material
properties for the steel, concrete, studs, and rebars are presented in the next section. Figure 35
shows the element type and configuration for the composite slab simulations. Note that rebar is
embedded in the concrete slab as two layers of bars perpendicular to each other, as shown in
Figure 35 (again similar to the experimental setup in Jones et al. [5]).
All beam and column geometries are modeled considering a global mesh size of 2 in
outside the connection region. In contrast, a mesh size of 0.5 in is considered within the
connection region for refined analysis information. The concrete slab is modeled using a larger
mesh size of 5 in, as this investigation is concerned with the provided stiffness and strength of
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the slab and not the local slab stress-states. Additionally, all studs and rebars are meshed with a
general mesh size of 2 in. Figure 36 shows the mesh sizes for the three-level configuration.

Figure 35. Element type and configuration for the composite slab simulation

Figure 36. Typical finite element model mesh for the beam-to-concrete slab
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3.4.2. Material Properties and Behavior
Steel properties for all beam and column sections are the same as those used in the
system-level investigations described in Chapter 2. The steel Young Modulus is 29000 ksi, and
Poison’s ratio is 0.3 (representing A992 steel). Material properties for the steel sections (beams,
columns, continuity plates, etc.) made use of a combined non-linear kinematic and isotropic
hardening constitutive model. The steel rebars and studs have the same material properties
(Young Modulus is 29000 ksi and Poison’s ratio is 0.3), while a more simplified elastic-plastic
constitutive model is employed for the steel rebar and stud material behavior [34], [36]–[38].
The ABAQUS concrete damaged plasticity (CDP) constitutive model is used to simulate
the concrete slab stiffness and damage during cyclic loading. The CDP model accounts for cyclic
loading and relative concrete damage for concrete in tension and compression. Plastic properties
for the steel sections, rebar, and studs are presented in Table 10, and material parameters for the
concrete slab constitutive relationship are presented in Table 11. Figure 37 shows the different
material constitutive laws considered for the steel and concrete sections [34].
Table 10. Material parameters for steel sections ([34], [38], [39])
Steel combined
(isotropic/kinematic)
hardening model
Steel rebar inelastic
material behavior

Yield stress (ksi)
Kinematic (C1)
Gamma 1 (γ1)
Stress (ksi)
60
60.175
70
(80
86
90

63.5
406.18
37.175
Plastic strain
0
0.008
0.02
0.04
0.06
0.08

Shear stud inelastic
material behavior

Stress (ksi)
60.0
60.1

Strain
0.00
0.01
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Table 11. Concrete damaged plasticity parameters ([34], [38], [39])
Concrete initial parameters [39]

Concrete Compressive Behavior

Concrete Tensile Behavior

Parameter

Value

Dilation angle

 = 30

Flow Potential
Eccentricity
Initial biaxial/uniaxial
ratio
The ratio of the second
stress invariant on the
tensile meridian

m = 0.1

Viscosity parameter

 = 0.01

Yield Stress (ksi)

Inelastic Strain

2.1756

0.000000

2.9294

0.000075

4.3512

0.000099

5.8456

0.000154

7.2530

0.000762

5.8358

0.002558

2.9350

0.005675

0.7626

0.011733

Yield Stress (ksi)

Cracking Strain

0.289921

0.000000

0.412198

0.000033

0.271194

0.000460

0.125128

0.000799

0.032815

0.004985

0.008206

0.006087
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c0/b0 = 1.16
Kc = 0.666

Figure 37. Material behavior models used for steel and concrete components [34]
3.4.3. Loading Protocol
The standard loading protocol for prequalification of SMFs specified in Section K2 of
AISC 341 [21] is used in this study, similar to experimental work by [3, 11, 22] and analytical
work by [2], [16], [17]. The protocol is based on the interstory drift angle, defined as the
interstory drift divided by the story height. For reference, the loading sequence is plotted in
Figure 38. This cyclic loading protocol requires a reference displacement to characterize the
displacement history. In the present study, the reference displacement is the beam-end, where the
displacement of the beam-end is divided by the beam length to calculate the rotation. The model
is loaded with applied beam-tip displacements. The displacements are derived from the outlined
story drift angles in the loading protocol multiplied by the beam length. The distance between the
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beam end and column face at the connection in all models is 15 feet. Although the AISC seismic
provisions [21] outline the minimum requirement of 0.04 rad story drift, the models are subjected
to story drift angles of up to 0.08 rad in order to study connection capacity at more severe
deformations.

Specimen

Figure 38. Standard Loading Protocol [21]

3.4.4. Investigations into Potential Ultra-Low-Cycle-Fatigue Damage (Fracture)
Crack growth within the beam-to-column weld zone during cyclic loading is a significant
concern in SMF connections, especially in WUF-W connections where the plastic hinge is
expected to occur near the welded zone. Previous studies by [23, 26, 27, 28] have successfully
used micro-mechanics-based fatigue and damage models to predict crack initiation near the
connection face of cyclically loaded SMF configurations. To predict crack initiation in [2], [17],
[24] used a degraded significant plastic strain (DSPS) criterion based on void growth
micromechanics for predicting the ductile fracture incurred by low-cycle fatigue (ULCF) [40]. A
low-cycle fatigue damage model based on a DSPS criterion is used to estimate the potential for
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fatigue failure (fracture). The DSPS criterion is chosen for this study because model triaxialities
remain relatively constant over the full range of plastic strains (Kanvinde and Deierlein 2004). In
the DSPS criterion, failure is predicted once a significant plastic strain,  ∗𝑡 exceeds the degraded
critical plastic strain, ∗𝑝,𝑐𝑟 over a characteristic length, l*. The variable l* is typically much
smaller than the smallest element size used in this study and is equal to 0.0079in for steel A572
Grade 50 [55,61]. The smallest element size used in the modeling is 0.2 in, which is governed by
computational expenses, and is sufficiently small to capture strain gradients within the
connection region, but is intended to provide only an estimation of where and when fracture
might occur [2] [43]. Other studies demonstrate reasonable results using similar element sizes
that are much larger than the characteristic length l*(Fell et al. 2006; Kanvinde and Deierlein
2008). The significant plastic strain parameter represents the material demands leading to void
growth, whereas the degraded critical plastic strain represents the remaining material capacity.
Equations 4 and 5 represent the DSPS parameters  ∗𝑡 and ∗𝑝,𝑐𝑟 , respectively.

 ∗𝑡 =  𝑝,𝑡 −  ∗  𝑝,𝑐
∗𝑝,𝑐𝑟 =

(−𝐷𝑆𝑃𝑆 ∗| 𝑝 |)

Equation 4
∗𝛼∗


−1. [ 𝑚 ]
𝑒

Equation 5

In the above equations,  𝑝,𝑡 and  𝑝,𝑐 are the integration of plastic strain under positive
(tensile) and negative (compressive) triaxiality, respectively, and  is a weighing term considered
as 0.6 in this study, allowing for some material damage under compressive cycles. In Equation 5,
DSPS is a damageability parameter accounting for cyclic degradation, which is taken as 0.38 for
A572 Grade 50 [9, 11, 26, 27]. Also, in Equation 17, α = 2.9 [42] is a material specific
parameter, 𝑝,𝑡 is the integration of plastic strain under tensile triaxiality, 𝑝,𝑐 is the integration of
plastic strain under compressive triaxiality, and 𝑝 is the accumulated equivalent plastic strain.
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Submodels composed of solid elements are used to achieve the stress data necessary for
applying the DSPS criterion. The sub-modeling technique is used to study a local part of a model
with a refined mesh based on interpolation of the solution from a global model and provide
detailed stress and strain states necessary for the calculations in the micromechanics-based DSPS
criterion. The following sections describe the submodeling analysis and application of the DSPS
damage criterion for investigating ULCF fracture initiation in the skewed WUF-W SMF
connections.
The result of the ULCF analysis shows the potential for fracture initiation. A damage
index presents the ULCF analysis results using the mentioned method. The damage index is
calculated as the difference between the degraded critical plastic strain and the significant plastic
strain. A higher damage index implies a lower potential for fracture initiation, and a low damage
index implies a higher potential for fracture initiation. Similarly, when the degraded critical
plastic strain becomes equal to the significant plastic strain, the damage index will equal zero,
implying that a fracture occurs.
3.4.5. Submodeling Geometry, Boundary Conditions, Material Properties, Mesh
Configuration, and Size
Submodels for the beam-to-column connections follow the same geometry as the global
models but use eight-node hexahedral solid elements for more detailed stress-state information.
Boundary conditions for the submodels are based on deformation compatibility with the edge
regions of the global models. The submodels have the same material properties as the materials
considered in the global models. A constant mesh size of 0.2 in is used based on the satisfactory
results obtained by [44] [2], [17], [45]–[48] Figure 39 shows a typical sub-model for the WUFW connection region [2], [17].
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The DSPS failure prediction model requires the Von Mises stresses, effective stress, and
Equivalent Plastic Strain (PEEQ) inputs (see Equations 4 and 5 again). The parameters will be
extracted from the submodel results at the elements within the connection region. Weld at beam
flange-to-column flange face (Figure 40), which is the location of the plastic hinge in a WUF-W
connection configuration, is the location being investigated.

Figure 39. Submodel to study stress/strain states for micro-mechanics analysis
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Figure 40. Location of the investigation into the weld at beam flange-to-column flange face
3.4.6. Model Verification
The study of [49] experimentally investigated composite slab effects on unskewed RBS
connections with deep columns. The specimen with a deep column from [49] is analytically
modeled to gain confidence in the modeling technique used in this study. Figure 41 shows the
experimental setup used in [49]. The setup is shown in Figure 41, including frame geometry,
rebar detailing, stud spacing, etc., which was used to validate the composite modeling techniques
(for deep columns) described earlier. Note that [34] verified the same modeling technique for the
composite framing with shallow columns using the experimental model of [5].
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Figure 42 shows the hysteretic moment-rotation for the experimental test (Specimen 1 in
[49]) and the analytical (FEA) validation model, and it can be seen that the experimental and the

FEA models comply well). Note that the slightly different response of the FEA model is because
the FEA models cannot represent fracture that occurs in the experiments.
300 in
Beam ( W36 x 150)

48 in

12 in

Column (W36 x 230)

Floor beam ( W36 x 150)

Rebars: Φ4 @ 12in

Rebars: Φ4 @ 12in

Lateral support
Hydraulic loading

Reduced beam section

Column (W36 x 230)
3/4" dia. Shear studs @ 12in cc

156 in

60in wide concrete (4000 psi)

Beam ( W36 x 150)
Floor beam (W14 x 22)

Erection plate
Lateral support

Lateral support

Beam welded to clumn

354 in

Moment at Connection Face (kip-ft)

Figure 41. Experimental setup by [49] used to validate the modeling technique
Beam size: W36 x 150
Column size: 36 x 230

Story Drift (%rad)

Figure 42. Comparison of validation model with experimental results of [49] for connection
moment capacity
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3.5 Results
In this section, the global and local responses of 20-degree skewed SMF WUF-W
connections are presented and compared to the unskewed connections. Table 12 summarizes the
results of the global models. Results show that the composite 20-degree skewed SMF
connections skewed connections meet the minimum acceptance criteria. More detailed analyses
interpretations are presented in the following sections.
Table 12. Results of the composite models for the WUF-W connections
No.

Column
Section

Beam
Section

Conc. Str.
(psi)

1
2
3
4
5
6

W 14×257
W 14×257
W 24×162
W 24×162
W 33×354
W 33×354

W 24×76
W 24×76
W 24×76
W 24×76
W 36×150
W 36×150

4000
4000
4000
4000
4000
4000

Skew
angle
(deg)
0
20
0
20
0
20

Peak Moment at
Connection (k-ft)
1306.20
1177.0
1295.60
1196.70
3841.40
3441.50

Col. twist at
0.04 rotation
(deg)
0.011
0.332
0.381
0.634
0.027
0.415

3.5.1 Effect of Concrete Slab on Connection Capacity
Figure 43 shows the connection moment capacity diagrams for unskewed (0-degree
skewed) and 20-degree skewed WUF-W SMF connections (shallow, medium, and deep column
configurations). Figure 43 shows that all models meet the minimum requirements for
prequalification from AISC seismic provisions (the moment capacity does not degrade below
0.8Mp at 0.04 rad story drift). However, figures show that the concrete slab does not contribute
to connection capacity for negative moments (for the concrete slab under tension). This finding
is consistent with the findings of [17] for composite skewed RBS connections. Figure 43 shows
that as the column depth increases, loss in moment capacity occurs more rapidly.
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0.1

Figure 43. Connection moment capacity for composite WUF-W SMF connections: a) Shallow
column; b) medium-depth column; c) deep column
3.5.2 Effect of Concrete Slab on Column Twist
Figure 44 shows column twists for unskewed and 20-degree skewed WUF-W
connections (shallow, medium, and deep column configurations). All column twists are
measured at the beam bottom flange level because the column rotation constraints are imposed at
the beam top flange (the constraints are provided to simulate the composite slab continuity with
gravity framing, as shown in Figure 16). Note that the polar moment of inertia of the shallow,
medium, and deep columns are 79.1 in4, 18.5 in4, and 115 in4, respectively. It can be seen that for
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0.8Mp

0

- 0.8Mp
-1000

-0.1

4000
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-1500

- 0.04

- 0.04

1000

1500

0.04

- 0.04

Moment at Connection Face
(kip-ft)

1500

-0.1

-0.06

all 20-degree skewed connections (having shallow, medium, and deep columns), column twist is
higher than the unskewed connections.
Figure 45 compares the relationship between column twist and J value and column depths
for unskewed and 20-degree skewed WUF-W connections. The results of unskewed and 20degree skewed RB S connections, taken from the study of [34], are shown in Figure 45 for
comparison purposes. This figure shows that column twist is inversely proportional to the J value
of columns (Figure 45 (a)), but column twist does not have a relationship with the column depth
(Figure 45 (b)). Although an increase in column depth increases the column twist, this increase is
not as significant as the effect of J value on column twist is.
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Figure 44. Column Twist for composite WUF-W SMF connections: a) Shallow column
configuration; b) medium-depth column configuration; c) deep column configuration
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Figure 45. Column Twist for composite WUF-W SMF connections having a 20-degree skew: a)
Relationship between J value and peak column twist; b) Relationship between column depth and
peak column twist

3.5.3 Effect of Concrete Slab on column Flange Yielding
This section presents the peak plastic strain accumulation (PEEQ) values extracted from
the beam-to-column connections. All PEEQ values are taken from the bottom flange beam-tocolumn connection on the acute side of the skew angle, where PEEQ demands are the highest.
Figure 46 shows the distribution of PEEQ for the shallow (W14×), medium (W24×), and deep
(W33×) column geometries at the 0.04 and 0.05 rad story drifts. For the 20-degree skewed
connections, an increase in the column depth decreases the PEEQ (thus a lower yielding rate). In
this regard, the peak PEEQ values are 0.035in/in in the shallow column connection and 0.05 in/in
in the deep column connection (Figure 46). These peaks occur at the beam/column centerline, as
shown in Figure 46.
In contrast, for the 0-degree skewed connections, the behavior is different in two ways: 1)
increase in the column depth increases the PEEQ (thus yielding), 2) the peak occurs at the beam
edge. These findings show that the skew reduces the PEEQ distribution (and thus less yielding).
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Note that the increased column twists in the medium and deep columns of the skewed
connections affect the strain demands near the beam-to-column connection, causing a lower
increase in the PEEQ (a higher yielding rate). Although the deep column (W33×) connections
have higher column twists, they have lower PEEQ values than the medium and shallow column
connections. This shows that increased skew angle reduces the PEEQ demands on column
flanges (thus reducing the yielding at column flanges).
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Figure 46. Column flange plastic strain (PEEQ) at 0.04 rad and 0.05 rad story drifts
3.5.4 Effect of Concrete Slab on Ultra-Low-Cycle-Fatigue (ULCF) Fracture
The Ultra-low cycle fatigue (ULCF) analysis is used to investigate the potential for
ductile fracture. The ULCF analysis requires submodeling of the connection to gain more
detailed stress-strain distributions. The element with the highest PEEQ value at the plastic hinge
location (on the beam bottom and top flanges) is initially identified in each submodel. Afterward,
PEEQ, Misses Stress, and Pressure Stress values are extracted for that element. Note that the
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plastic hinge location of a WUF-W connection is close to the welded zone of the beam-tocolumn connection. In the cases where the highest PEEQ value is found at the beam access hole,
it is not considered in the analysis because experimental tests have demonstrated that connection
performance is not sensitive to the weld access hole failure [1].
Figure 47 presents the ULCF analysis results for the beam bottom and top flanges of the
20-degree skewed WUF-W connections for shallow, medium, and deep columns. Note that in the
ULCF analysis results in Figure 47, a higher damage index implies a lower potential for fracture
initiation, and a lower damage index implies a higher potential for fracture initiation. In addition,
if the damage index equals zero, it means that a fracture occurs (the magnitude of degraded
critical plastic strain becomes equal to the magnitude of the significant plastic strain). Results
show the beams of connections with shallow and medium depth columns experience fractures at
around 0.06 rad story drift. However, the beam of the connection with a deep column does not
experience a fracture. The shallow column analysis shows that beam bottom flanges fracture at
0.05 rad story drift and the top flange fracture at 0.06 rad story drift.
Additionally, Figure 47 shows that for the medium columns, the beam bottom flange
fractures at 0.05 rad story drift and beam top flange fractures at 0.06 rad story drift. Analysis of
the connection with a deep column shows that neither the top nor the bottom beam flanges
fracture throughout the analysis and survive 0.08 rad story drift. The fracture within the beams of
connections with shallow and medium columns can be related to the lower capacity of their
beams compared to the connection with a deep column. This behavior is due to the higher beam
moment capacity (W 36×150 beam with 𝑀𝑝 = 2100 𝑘𝑖 − 𝑓𝑡 is used for the deep column
connection, whereas a W 24×76 beam with 𝑀𝑝 = 833 𝑘𝑖 − 𝑓𝑡 is used for the shallow and
medium depth column connections).
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Figure 47. Fatigue analyses of the top and bottom flanges for 20-degree skewed
configurations
3.5.5 Comparison of the Global and Local Responses for the Composite Models
Figure 48 (a) compares the connection behavior of the composite WUF-W, bare frame
WUF-W, composite RBS, and bare frame RBS connections having a 20-degree skew. Note that
the results of composite RBS, bare frame RBS and bare frame WUF-W are taken from [17] for
comparison purposes. Figure 48(a) shows that the composite WUF-W connections have higher
moment capacities than the bare frame counterparts (as expected); however, the increase is not
significant. The effect of the concrete slab in the WUF-W configurations is more pronounced for
the deep columns, where the composite WUF-W has almost 20% higher moment capacity than
the RBS counterparts. Having higher moment capacities in the WUF-W connections than the
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RBS connections is expectable as the beam and column sections within the WUF-W connections
have higher capacities (due to the design requirements and limitations established in AISC 341
and AISC 358).
Figure 48 (b) compares the maximum story drift (rotation) at 0.8Mp for the RBS and
WUF-W connection configurations (note that the 0.04 rad story drift at 0.8Mp is the acceptance
criteria established by [21]). Figure 48 (b) shows that the composite configurations have lower
story drifts (rotations) in the shallow and medium depth columns but a higher story drift
(rotation) in the deep columns. Additionally, Figure 48 (b) shows that for the shallow and
medium (W14× and W24×) columns, the story drift (rotation) at the beam of the bare-steel frame
connections is slightly higher than the composite cases. This behavior implies that the concrete
slab reduces the story drift (rotation) and helps increase the self-centering effect of the
connection. The composite WUF-W connections have the lowest story drifts (rotations) among
the three columns, which is 0.045 rad and occurs for the shallow-column connection. However,
the composite connection with a deep column has a story drift (rotation) of approximately equal
to 0.75 rad. Although the higher story drift (rotation) in connection with a deeper column is
expected due to the significantly higher beam capacity, the higher rotation at the composite
connection is undesirable. However, this can be related to the column twist capacity (Figure 48
(c)). Figure 48 (c) shows that both composite RBS and WUF-W connections have lower column
twists than the bare-frame WUF-W connections. In this regard, the composite WUF-W
connection with a deep column (W33×) has a 0.155-degrees column twist, whereas the bareframe WUF-W connection experiences almost a 0.210-degrees column twist. The reduced
column twist due to the presence of the concrete can be the reason for increased story drift in the
deep column within the WUF-W connection configuration.
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Figure 49 compares the damage ratios of the WUF-W and RBS connection
configurations from the ULCF analyses. Note that in an RBS connection, the plastic hinge is at
the RBS cut, whereas the plastic hinge of the WUF-W connection is at the face of the column
flange. Figure 49 shows that for both bottom and top flanges, the damage ratios at the plastic
hinges of the RBS connections are higher than the damage ratios at the plastic hinges of the
WUF-W connections. In this regard, the RBS damage ratios are almost twice higher than the
WUF-W damage ratios. Comparison of the damage ratios at the column flange faces of the RBS
connections to the plastic hinges of the WUF-W connections shows that the WUF-W
connections have higher damage ratios than the RBS connections. Note that the plastic hinge of a
WUF-W is at the column flange face. This finding implies that the WUF-W connections have
less potential for fracture. This behavior is due to the higher flexural capacity of the beams and
higher torsional stiffness of columns used in the WUF-W connections.
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Figure 48. (a) Maximum moment capacity at the connection (kip-ft); (b) Maximum story
drift (rad) at 0.8Mp; (c) Peak column twist. Note that the composite RBS, bare frame RBS and
bare frame WUF-W are taken from [17] for comparison purposes.
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Figure 49. comparison of damage ratios for the bottom and top flanges of the WUF-W and RBS
connection configurations
3.6 Design Recommendations
The column twist analysis results show that the column's polar moment of inertia (J
value) directly correlates to the column twist. In this regard, the connection with a deep column
has the lowest column twist peak due to its higher J value. It can be concluded that column
torsional stiffness is the governing parameter in the cyclic performance of laterally skewed SMF
WUF-W connections. In addition, findings of this chapter imply that in the analysis of the
skewed SMF connections, the effect of the column depth is not a concern if the column has a
sufficiently high torsional property (a high J value). Note that the current design requirements
limit the beam sections of WUF-W connections to W36× deep sections [21]. Comparing the
cyclic and ULCF behavior of the RBS and WUF-W connections shows that for designing a
skewed connection with a deep column, a WUF-W connection is better than the RBS connection.
In contrast, the RBS is better for the connections that need a shallow or a medium depth column.
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3.7 Summary of Chapter
In this chapter, the cyclic behavior of the 20-degree skewed composite WUF-W
connections was analytically investigated, where a three-level configuration was used to
represent the torsional boundary conditions better. Results show that for all shallow, medium,
and deep column connections, the 20-degree skew composite connections have slightly lower
moment capacities than the 0-degree skew connections but meet the minimum acceptance
criteria (0.8Mp at 0.04 rad story drift). Column twist analysis shows that the 20-degree skew
columns have higher twists than the 0-degree skewed connections. Additionally, there is no
ULCF fracture initiation in any connection before 0.04 rad story drift. In conclusion, the
composite 20-degree skew WUF-W connections (with shallow, medium, and deep columns)
meet the minimum acceptance criteria of AISC 341-16.
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CHAPTER 4. EXPERIMENTAL TESTING PROGRAM
4.1 Introduction
This chapter details the steps of experimental testing, including the lab and frame setup,
specimen geometry, fabrication, instrumentation, loading, experimental procedure, and fracture
investigation protocol. The experimental program involves the testing of six full-scale SMF
connections. The experimental program focuses on 1) evaluation of skewed RBS SMF
connection capacity according to AISC 341-16 [21], and 2) fracture investigation at the weld
regions. The experimental tests are conducted on the strong floor in the Civil Engineering
Research Center (CEREC) at the University of Arkansas.
4.2 Test Specimens Matrix
The matrix of test specimens is given in Table 13. A total of six RBS connection assemblies
are considered for this research. The considered column sizes for connections are W14×132 and
W24×131, representing shallow (S) depth and medium (M) depth columns. The beam-to-column
connections have 10, 20, and 30 degrees skew angles. A W24×76 beam is used for all the tests,
which is the typical beam size in the previous studies on skewed RBS SMF connections [2], [16],
[17]. Detailed design and detailing of specimens are presented in Appendix E.
Table 13. Matrix of specimens for experimental tests
Test
No.

Test ID

Skew
(deg)

1
S*: 14- 10
10
2
S: 14- 20
20
3
S: 14- 30
30
4
M**: 2410
10
5
M: 24- 20
20
6
M: 24- 30
30
* S: Shallow Column
** M: medium-depth Column

Beam
Size

Column
Size
W 14×132
W 14×132
W 14×132
W 24×131
W 24×131
W 24×131

75

W 24×76
W 24×76
W 24×76
W 24×76
W 24×76
W 24×76

Continuity
plate thickness
(in)
1/2
1/2
1/2
3/8
3/8
3/8

Doubler
plate
thickness
(in)
3/8
3/8
3/8
NA
NA
NA

4.3 Material Properties
Consistent with the material properties used in the FEA simulations of [2], [16], [17],
beams and columns are made of ASTM A992 steel, and continuity plates are made of ASTM
A572 Gr. 50 steel.
4.4 Specimen Construction and Inspection
A commercial fabricator constructed the specimens. The welding procedure per the
requirements of AISC 358-16 [1] is used for welding beams and columns and weld of the
doubler plates and continuity plates. Wedges, connectors, and lateral bracings are designed
following the requirements of [1] and [21].
Figure 50 shows the welding details for one of the specimens, and welding details for
other specimens are shown in Appendix E. Results of the inspection for base metal are given in
Table 14.

Figure 50. Welding connection details for sample fabrication (W14x column)
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Table 14. Mill test report for base metal mechanical properties
Yield
strengtha
(ksi)

Tensile
strength
(ksi)

Elongationb
(%)

Element

Steel type

Heat
No.

W24×76 Beams

A572 Gr50

164611

53.8

70.6

26

W14×132 Columns

A572 Gr50

166378

60.0

77.0

23

W24×131 Column 1
W24×131 Column 2
W24×131 Column 3

A572 Gr50
A572 Gr50
A572 Gr50

442069
422077
42202

55.0
56.0
54.0

73.0
72.0
71.0

28
27
28

a. Yield strength determined by 0.2% strain offset method
b. Values in parentheses from certified Mill test reports

4.5 Reaction Frame, Specimen Configuration and Boundary Conditions
Each specimen is connected to a reaction frame, and the frame is connected to the strong
floor through pre-tensioned high strength all-thread rods (see Figure 51). The column of the
specimen is connected to the reaction frame using bolted skewed wedges. Wedges have the
desired skew angles specified for each specimen, ensuring the beam specimen remains
horizontal.
The configuration of the specimens for experimental investigations is a one-sided exterior
configuration shown in Figure 4 (Chapter 1). The boundary conditions (BCs) within this
configuration follow the prescribed BCs in [1]; where the column base plate (bottom of the
column) is pinned, the beam is laterally braced beyond the protected zone of the beam (shown in
Figure 8 in Chapter 2). Additional lateral bracing is placed at the beam tip (where only vertical
displacement is allowed). Note that AISC 358-16 [1] specifies the first lateral bracing at a
distance equal to half of the beam depth (db/2) away from the end of the protected zone (in the
RBS beam, the end of the RBS zone is the edge of the RBS cut). However, in the experimental
investigations in this study, the lateral bracing is located at a distance greater than half of the
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beam depth (db/2) from the protected zone to represent the least conservative lateral bracing
condition.
No column axial load is applied during tests because the fundamental parameters in an SMF
connection design, such as maximum connection capacity and column twist, are not affected by
the column axial force [17].
4.6 Loading protocol
Tests are conducted in a displacement-control mode. The loading sequence used for all
specimens is the standard loading sequence for the prequalification of the SMF connections
specified in Section K2 of AISC 341 [21], shown in Figure 38. The loading protocol is applied
through a servo-hydraulic actuator at the beam end (shown in Figure 51). This cyclic load
protocol requires a reference displacement to characterize the displacement history. In the
present study, the reference displacement is the beam-end displacement (where the actuator
applies the loading protocol). The displacement of the reference point is the horizontal
displacement of the beam-end (along the actuator’s line of action), which is caused by the backand-forth stroke of the actuator’s shaft. Rotation at the connection face is calculated by dividing
the displacement of the reference point by the beam length. The reference point (beam-end) is
approximately 11.5 ft to 12.5 ft away from the connection face (exact length differs for each
specimen, depending on the specimen skew and column size). The required displacement to be
applied at the reference point is derived from the outlined story drift angles of the loading
protocol multiplied by the moment arm (length of reference point to the connection face).
Although the AISC Seismic Provisions [21] outline the minimum requirement of 0.04 rad story
drift, the tests are conducted for higher story drifts until the specimen breaks.
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Figure 51. Connection of specimen to the Strong Floor
4.7 Instrumentation
A combination of Linear variable displacement transducers (LVDTs) and uniaxial strain
gauges are used to measure the global and local responses. The LVDTs are connected to points
where displacements should be determined, as shown in Figure 52. One LVDT (L1) is used in
the middle of beam length to measure the beam displacement. A pair of diagonal LVDTs (L2
and L3) are used to measure the average shear deformation of the panel zone. Vertical LVDTs
(x1, x2, x3, x4) measure the column twist. One LVDT (L4) is placed at the top base plate of the
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column to measure column displacement (see Figure 52). Additionally, the load applied by the
actuator is measured by the data acquisition system connected to the actuator.
Strain gauges are mounted to measure the strain on the top and bottom beam flanges, the
center section of the RBS, and the column faces. Strain gauges are located at the stress
concentration points found in the FEA results of [17]. Kim et al. [14] specified the strain gauges
be installed at a distance of 0.5 in away from the CJP welds in both flanges. Figure 53 shows the
location of the strain gauges on specimens (each S represents one strain gauge).
Before testing a specimen, the column, panel zone, and column and beam within the
connection face are whitewashed to provide visual evidence of yielding during testing, where
flaking of the whitewash indicates yielding. Calcium hydroxide is combined with water with a
ratio of 1:2 by weight to produce the whitewash.

L1
x4

x3

x2

x1

L1

L4

L2, L3, X1, X2, X3, and X4

L4

Figure 52. Location of the LVDTs on specimens. L: Horizontal LVDT, and X: vertical LVDT.
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Figure 53. Strain gauges mounted on specimens
4.8 Fatigue Crack Investigation
4.8.1 Background of Fatigue Crack Investigation
In constructing the SMF connections, welding can affect steel ductility properties due to
increased heat at the beam-to-column connection. The heat-affected zone (HAZ) is a special
location to investigate crack initiation. Therefore, an investigation of this phenomenon is
necessary. Kim et al. [14] investigated the effect of the slope on SMF connection and showed
potential brittle fracture failure modes at the beam-to-column welds. Their investigation showed
that after reaching 0.04 rad story drift, brittle fractures of the top flange weld and significant
yielding at the top flange (close to the column face) led to strain increments. However, strain
demand was smaller at the bottom flange [14]. Mashayekh and Uang [6] tested two sloped RBS
configurations with a 25-degree angle and reported a brittle fracture at the end of the beam web
CJP weld. Therefore, it is necessary to investigate the crack initiation at the weld region of the
specimens in the present research.
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4.8.2 Crack Investigation Protocol
For crack initiation investigation, metallographic analyses of the fracture surfaces are
conducted after the cyclic testing. For this purpose, material specimens taken from the SMF
assemblies will be divided across the fracture plane, polished with abrasive paper and diamond
powder of increasing fineness (mirror polished to a surface roughness of 1 μm), and then surface
etched with a Nitol solution (5ml HNO3 per 100ml of ethanol). Figure 54 shows the procedure
of the metallographic investigations into a cracked welded steel assembly, suggested by [50].
Ovuoba [50] conducted a metallographic investigation into the stud-to-flange weld HAZ. The
present research conducts the crack investigation on the beam-to-column weld zone of the beam
bottom flange for all specimens. The crack investigation results are compared to the analytical
ULCF analysis results.

Figure 54. Metallographic investigation procedure for the fracture investigation
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CHAPTER 5. RESULTS OF EXPERIMENTAL INVESTIGATIONS
5.1 Introduction
This chapter presents the results of experimental investigations on the cyclic behavior of
laterally skewed SMF connections having shallow and medium-depth columns. In addition, dyepenetration tests for crack investigations are presented.
5.2 Results of Experimental Investigations
A summary of experimental results is given in Table 15. All six specimens satisfy the
minimum AISC acceptance criteria by completing one full cycle at 0.04 rad story drift while the
flexural strength at the face of the column does not degrade below 80% of the beam nominal
plastic moment (0.8Mp). In all specimens, the stable material inelastic deformation results in
stable hysteresis, which is desirable for a connection used in seismic design. The peak column
twist increased as the skew angle increased. Also, strain values are higher on the acute side of the
skew angle. In all specimens, beam flange local buckling occurs at almost 0.035 rad to 0.05 rad
story drifts, depending on the skew angle, where specimens with a 30-degree skew have a lower
PRT than the 20-degree and 10-degree skewed specimens. The beam web buckling signs first
appear at 0.015 rad story drift and maximizes at 0.05 rad story drift in all specimens. 30-degree
skewed connections have lower bea beam buckling than other specimens. Details are presented
in the following sections.

83

Table 15. summary of results for experimental investigations
Test
No.

Test ID

Skew
(deg)

Column
Size

Beam Size

1
2
3
4
5
6

S14-10
M24- 10
S14-20
M24-20
S14-30
M24-30

10
10
20
20
30
30

W14x132
W24x131
W14x132
W24x131
W14x132
W24x131

W24x76
W24x76
W24x76
W24x76
W24x76
W24x76

Peak
Force
(kip)
69.8
72.6
72.6
73.6
66.7
66.9

Peak Conn.
Moment
(kip-ft)
824
836
886
840
824
802

Peak Col.
Twist
(deg)
0.57
0.55
NA
1.5
2.4
1.23*

5.2.1. Specimen 1: S14-10
Observed Performance
-

0.01 rad story drift
Before 0.01 rad story drift, there is no flaking of the whitewash at the RBS region and

column flanges (thus, there is no yielding). Figure 55 shows the specimen at the end of 0.01 rad
story drift. At the end of 0.01 rad story drift, slight whitewash at RBS regions of top and bottom
beam flanges is observed (Figure 55 (a) and (b)). However, there is no column flange yielding
nor beam web local buckling. The peak column twist is 0.2 degrees at the end of 0.01 rad story
drift.
-

0.015 rad story drift
No pictures are shown at the end of this drift; however, flaking of the whitewash within

RBS regions is slightly more at the end of this drift than at the end of 0.01 rad story drift
(pictures not shown).
-

0.02 rad story drift
At the end of 0.02 rad drift, flaking of the whitewash at the RBS regions further flake;

however, whitewash does not flake off at column flanges (thus no yielding), as shown in Figure
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56 (a) and (b). The first signs of beam web buckling appear, as shown in Figure 56 (c), and the
peak column twist is still close to 0.2 degrees at the end of 0.02 rad story drift.
-

0.03 rad story drift
At the end of 0.03 rad story drift, yielding further propagates at RBS regions (whitewash

flakes off further, as shown in Figure 57 (a) and (b). However, there is no yielding at column
flanges, as shown in Figure 57 (d). Also, as shown in Figure 58 (c), the beam web buckles
further. The peak column twist is 0.25 degrees at the end of 0.03 rad story drift.
-

0.04 rad story drift
At the end of 0.04 rad drift, there is an extensive yielding at RBS regions of both top and

bottom flanges (Figure 58 (a) and (b)). However, there is no column flange yielding, as shown in
Figure 58 (c). The Beam web constantly buckles (Figure 58 (d)), and column twist peaks at 0.33
degrees at the end of 0.04 rad story drift. The AISC acceptance criteria are to survive the first
cycle of 0.04 rad story drift without strength degradation degrading below 0.8 Mp. This
specimen meets the acceptance criteria. The test is further continued to observe the connection
performance at higher drifts.
-

0.05 rad story drift
At the end of 0.05 rad story drift, further yielding is observed at beam flanges and RBS

regions (whitewash flaking). Also, local flange buckling of beam bottom flange occurs at both
top and bottom flanges, as shown in Figure 59 (a) and (b). However, there is no column flange
yielding (no flaking of the whitewash), as shown in Figure 59 (c). The beam web buckles further
at this drift (Figure 59 (d)), and the column twist peaks at 0.59 degrees.
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-

0.06 rad story drift
At the end of 0.06 rad story drift, beam flanges further buckle together with excessive

whitewash flaking at the RBS and beam flanges, as shown in Figure 60 (a) and (b). However, the
whitewash does not flake at column flanges, as shown in Figure 60 (c). The beam web buckling
constantly develops (Figure 60 (d)), and peak column twist at the end of this drift is 0.42 degrees,
which is lower than the peak column twist of the previous story drift (at 0.05 rad story drift, the
peak column twist was 0.59 degrees). This behavior is due to the relaxation of the column due to
increased beam flange local buckling and beam web buckling.
-

0.07 rad story drift
At the second cycle of 0.07 rad story drift, the RBS region of the bottom flange suddenly

shears into the beam web, as shown in Figure 61 (b), and the test is terminated at this point. At
the end of the test, the beam top flange experiences extreme beam flange local buckling, as
shown in Figure 61 (a), but there is no column flange yielding (no flaking of the whitewash), as
shown in Figure 61 (c). The beam web buckling relaxes due to RBS fracture, as shown in Figure
61 (d). The whitewash flaking at RBS regions and beam flanges have a diagonal flaking pattern
with almost a10-degree skew. Detailed results are presented in the following sections.

Figure 55. Specimen S14-10 at the end of 0.01 rad story drift
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Figure 56. Specimen S14-10 at the end of 0.02 rad story drift

Figure 57. Specimen S14-10 at the end of 0.03 rad story drift
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Figure 58. Specimen S14-10 at the end of 0.04 rad story drift

Figure 59. Specimen S14-10 at the end of 0.05 rad story drift
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Figure 60. Specimen S14-10 at the end of 0.06 rad story drift

Figure 61. Specimen S14-10 at the end of 0.07 rad story drift
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-

Moment Capacity at Connection
Figure 62 shows applied story drift by the actuator and measured story drift at the

connection face. Recorded story drift that is exerted by the actuator (Figure 62 (a)) is slightly
higher than the story drift at the connection face (Figure 62 (b)), which is due to energy
dissipation at the connection face as a result of plastic hinge formation at RBS. Figure 63 shows
the moment versus story drift relationship for this specimen. It shows that the specimen meets
the minimum acceptance criteria (a minimum of 0.04 rad story drift at 0.8Mp), and RBS
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0.04

0.04

Story Drift (rad)

Stroy Drift (rad)

fractures into the beam web at the end of the first cycle of 0.07 rad story drift.

0
-0.04
-0.08

0
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-0.08

Time

Time

(a)

(b)

Figure 62. (a) applied story drift applied by the actuator; (c) measured story drift at column face
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Figure 63. Moment versus story drift relationship for Specimen S14-10
-

Column Twist Analysis
Figure 64 shows column twist analysis for Specimen S14-10. This figure shows that the

transverse column twist is higher than the longitudinal column twist. Column twist peaked at
both directions at 0.05 rad story drift and is approximately 0.59 degrees.
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Figure 64. Column twist analysis for Specimen S14-10
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-

Peak Resistance Threshold (PRT) Level
Figure 65 shows the applied force recorded at the connection face through the test. The

peak applied force is 69 kips occurring at 0.05 rad story drift. The beam flange locally buckles at
this point, which is the PRT level for this specimen. During testing through post-PRT drift level,
beam web and flanges experience local buckling deformations.
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Figure 65. Peak resistance threshold (PRT) level for Specimen S14-10

-

Panel Zone Shear Deformation
Figure 66 shows the panel zone shear deformation for Specimen S14-10. The maximum

panel shear deformation is 0.6 rad. Note that the panel zone shear force is 426 kips.
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Figure 66. (a) Panel zone shear deformation; (b) Panel zone shear force
-

Strain Distribution at RBS Regions
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Figure 67 shows strain distribution at the RBS region of Specimen S14-10. The strain gauges
at RBS regions broke off at almost 0.015 rad drift in this test. Also, the strain gauges on the

obtuse and acute sides of the skew angle of the RBS regions broke off at the beginning of the
test. Therefore, only data for the gauge at the centerline of that RBS region is shown in Figure
67. This figure shows that although the strain increases at all locations of the RBS region by
increasing the drift, the top flange (at its centerline) experiences a higher strain than the bottom
flange (at its centerline). In addition, at the RBS of the bottom flange, the bottom of the RBS
region (acute side of skew) has a higher strain than the top of the RBS region (obtuse side of
skew) (Figure 67 (b)).
-

Strain Distribution at Beam Flanges
Figure 68 shows strain distribution at beam flanges. Figure 68 (a) shows that the bottom

beam flange experiences higher strain than the top beam flange. Also, Figure 68 (b) and (c) show
that higher strains occur close to the acute skew of the connection than the centerline of the
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skew. This finding shows that a 10-degree skew causes a shift of strain concentration from the
beam flange centerline to the acute side.
-

Strain Distribution at Beam Flanges
Figure 69 shows the distribution of stains at column flanges. For this test, four strain gauges

were mounted on the bottom side of the column flange and only one gauge at the top side of the
column flange (on to the acute side of skew angle).

Figure 67. (a) Strain distribution at RBS regions of beam flanges; (b) RBS region at bottom
flange; (c) RBS region at the top flange
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Figure 68. (a) Strain distribution at beam flanges; (b) bottom flange; (c) top flange
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Figure 69. Strain distribution for Specimen S14-10: (a) Location of strain gauges; (b) Strain
distribution; (b) strain distribution at normalized column flange width

-

Investigation into Fracture Initiation
Results for analytical and experimental fracture investigations within the beam bottom flange

welded zone are shown in Figure 70. Experimental investigation shows that there is no fracture
in that region. In addition, the analytical investigation also shows no fracture in the beam-tocolumn welded zone, and the damage index is almost 1.75. Note that the higher the damage
index means more reserved fracture capacity, and the lower index shows the higher potential for
fracture. Additionally, the RBS fracture of the experimental test is predicted using the analytical
model, where the damage index is zero (thus implying that the fracture should occur). The result
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is shown in Figure 70 (where the analytical model predicts the RBS fracture initiation at 0.07 rad
story drift).
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Figure 70. Fracture Initiation Investigation

5.2.2. Specimen 2: S14-20
Observed Performance
Specimen S14-20 was the first specimen tested in this research and was tested for three
different frame configurations to determine the most efficient configuration. The two first tests
were conducted for up to 0.02 rad story drift (elastic range only). The third test was conducted
for the whole loading protocol. Since the specimen was tested two times before the final testing,
the specimen was not equipped with any strain gauges; and only global hysteretic
behavior and panel zone performance are measured for this specimen. Results are presented for
the selected configuration (the same configuration used for all other specimens). A plastic paint
was used for this specimen instead of using whitewash. Therefore, the paint did not flake off
significantly throughout the test (due to its plastic nature). Therefore, less visual observation can
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be made for column and beam flange yielding at critical regions of this specimen compared to
other specimens.
-

0.01 rad story drift
Although pictures are not shown, there are no yielding signs at RBS regions, beam, and

column flanges at the end of the 0.01 rad story drift. Also, there is no beam web buckling. In
addition, no instrumentation was used for column twist measurement.
-

0.015 rad story drift
Although pictures of the specimen at the end of 0.015 rad story drift are not shown, the

column flange has no yielding signs (due to the high plasticity of the paint), and there is no beam
web buckling at the end of 0.015 rad story drift. The paint at RBS regions slightly flakes off, but
pictures are not shown.
-

0.02 rad story drift
At the end of the 0.02 rad story drift, there is no sign of yielding at the column and beam

flanges (because the paint is plastic and does not flake off). Also, there is no beam web buckling.
Figure 71 (a) shows the specimen at the end of 0.02 rad story drift.
-

0.03 rad story drift
At the end of 0.03 rad story drift, yielding at the RBS region is slightly visible (again

because the paint is plastic and does not flake off), but no flaking of the paint at beam and
column flanges can be observed (due to paint plasticity). Beam web buckling and beam flange
local buckling occur at the end of this drift (Figure 71 (b)).
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-

0.04 rad story drift
At the end of 0.04 rad story drift, beam web buckling and beam flange local buckling

develop, although the flaking of paint is not visible again (due to the plastic nature of the paint),
as shown in Figure 71 (c). However, the web buckling and beam flange local buckling are not
excessive, and there is no fracture within the connection face. It implies that this specimen meets
the minimum acceptance criteria.
-

0.05 rad story drift
Continuous beam web buckling and beam flange local buckling are observed through the

0.05 rad story drift cycle, but there is no fracture within the connection face. Also, yielding at
column flange is not visible (due to the plastic nature of the paint). There are no pictures
presented for this story drift.
-

0.06 rad story drift
At the end of 0.06 rad story drift, beam web extremely buckles, and the beam bottom and

top flanges locally buckle, where the beam bottom flange has an extreme local buckling, as
shown in Figure 71 (d). Again, yielding at the column is not visible (again, due to the plastic
nature of the paint).
-

0.07 rad story drift
At the last cycle of 0.07 rad story drift, the RBS of beam bottom flange fractures into the

beam web, and extreme beam web local buckling occurs, as shown in Figure 71 (e). The beam
top flange does not fracture but buckles extremely. The test is terminated at this point. Detailed
results are presented in the following sections.
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Figure 71. Specimen S14-20 at the end of 0.01 rad story drift (note: there is no picture for
0.05 rad story drift)
-

Moment Capacity at Connection
Figure 72 shows applied story drift by the actuator and measured story drift at the connection

face. Recorded story drift that is exerted by the actuator (Figure 72 (a)) is slightly higher than the
story drift at the connection face (Figure 72 (b)), which is due to energy dissipation at the
connection face. Figure 73 shows the moment versus story drift relationship for this specimen. It
shows that the specimen meets the minimum acceptance criteria (a minimum of 0.04 rad story
drift at 0.8Mp), and RBS fractures into the beam web at the end of 0.07 rad story drift.
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Figure 72. (a) applied story drift applied by the actuator; (c) measured story drift at column face
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Figure 73. Moment versus story drift relationship for Specimen S14-20
-

Column Twist Analysis
Data for column twist analysis is not available for this specimen since no instrumentation

was used for this analysis.
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-

Peak Resistance Threshold (PRT) Level
Figure 74 shows the force recorded at the connection face through the test. The peak

applied force for this specimen is 72.5 kips occurring at 0.04 rad story drift (PRT level). During
testing through post-PRT drift levels, beam web and flanges experience substantial local
buckling deformations.
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Figure 74. Peak resistance threshold (PRT) level for Specimen S14-20

-

Panel Zone Shear Deformation
Figure 75 shows the panel zone deformation through the test. The peak shear deformation

is 0.6 rad, and the maximum shear force is 467 kips (similar to the 10-degree skew connection).
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Figure 75. (a) Panel zone shear deformation; (b) Panel zone shear force
-

Strain Distribution at Critical Regions
There were no strain gauge measurements since this specimen was tested for two other

configurations before the final test.
-

Investigation into Fracture Initiation
Results for analytical and experimental fracture investigation within the beam bottom flange

welded zone are shown in Figure 76. Experimental investigation shows that there is no fracture
in that region. In addition, the analytical investigation also shows no fracture in the beam-tocolumn welded zone, and the damage index is almost 1.75. Note that the higher the damage
index means more reserved fracture capacity, and the lower index shows the higher potential for
fracture. Additionally, the RBS fracture of the experimental test is predicted using the analytical
model, where the damage index is zero (thus implying that the fracture should occur). The result
is shown in Figure 76 (where the analytical model predicts the RBS fracture initiation at 0.07 rad
story drift).
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Figure 76. Fracture Initiation Investigation for Specimen S14-20

5.2.3. Specimen 3: S14-30
Observed Performance
-

0.01 rad story drift
At the end of 0.01 rad story drift, there is no whitewash (no yielding sign) at RBS regions, as

shown in Figure 77 (a) and (b). Also, there are no whitewash flaking signs at column flanges, as
shown in Figure 77 (c). There is no beam web buckling at the end of this drift (Figure 77(d)), and
the peak column twist is approximately 0.33 degrees.
-

0.015 rad story drift
No pictures are shown for the specimen at the end of 0.015 rad story drift. However, at the

end of 0.015 rad story drift, slight flaking of the whitewash occurs at RBS regions, but there is
no whitewash at the column flanges. Also, there is no beam web buckling, and the peak column
twist is approximately 0.33 degrees at the end of this drift (the peak column twist is similar to the
previous story drift).
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-

0.02 rad story drift
At the end of 0.02 rad story drift, the flaking of whitewash is visible at RBS regions and

beam flanges, as shown in Figure 78 (a) and (b), but there is no yielding at column flanges, as
shown in Figure 78 (c). Beam web does not buckle (Figure 78 (d)), and the peak column twist is
0.66 degrees.
-

0.03 rad story drift
At the end of 0.03 rad story drift, the whitewash further flakes at beam flanges and RBS

regions (Figure 79 (a) and (b)); However, there is no column flange yielding (Figure 79 (c)).
Beam web starts buckling at this drift (Figure 79 (d)), but there is no beam flange local buckling
(see Figure 79 (a) and (b) again). The peak column twist is 1.6 degrees at the end of 0.03 rad
story drift.
-

0.04 rad story drift
At the end of 0.04 rad story drift, the whitewash of beam flanges and RBS regions further

flakes, as shown in Figure 80 (a) and (b). However, there is no column flange yielding, as shown
in Figure 80 (c). The beam web slightly buckles at this drift (Figure 80 (d)), but there is no beam
flange local buckling, and the peak column twist is 1.8 degrees. There is no fracture within the
connection face, and the specimen survives the minimum acceptance criteria of AISC 341-16.
-

0.05 rad story drift
At the end of 0.05 rad story drift, in addition to further yielding at the RBS and beam flange

regions, flange local buckling also occurs at both RBS regions (Figure 81 (a) and (b)). There is
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no column flange yielding (the whitewash of the column flange does not flake), as shown in
Figure 81 (c) (c), but the beam web buckles further at this drift (Figure 81 (d)).
-

0.06 rad story drift
At the end of 0.06 rad story drift, local buckling of the flange becomes excessive at the RBS

regions of both beam flanges, as shown in Figure 82 (a) and (b). The whitewash at the column
flange does not flake off, as shown in Figure 82 (c), and the beam web buckles further, as shown
in Figure 82 (d). At the end of this drift, the column twist is 2.4 degrees, which is the highest
column twist through the test.
-

0.07 rad story drift
The beam flange fractures into the beam web at the second cycle of 0.07 rad story drift.

The test is terminated at this point. At the end of the test, extreme yielding is observed at the
RBS regions and beam flanges (Figure 83 (a) and (b)), but there is no yielding at column flanges
(Figure 83 (c)). An excessive beam web buckling is also observed at the end of the test (Figure
83 (c)). Detailed results are given in the following sections.
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Figure 77. Specimen S14-30 at the end of 0.01 rad story drift

Figure 78. Specimen S14-30 at the end of 0.02 rad story drift
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Figure 79. Specimen S14-30 at the end of 0.03 rad story drift

Figure 80. Specimen S14-30 at the end of 0.04 rad story drift
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Figure 81. Specimen S14-30 at the end of 0.05 rad story drift

Figure 82. Specimen S14-30 at the end of 0.06 rad story drift

109

Figure 83. Specimen S14-30 at the end of 0.07 rad story drift

-

Moment Capacity at Connection Face
Figure 84 shows applied story drift by the actuator and measured story drift at the connection

face. Recorded story drift that is exerted by the actuator (Figure 84 (a)) is slightly higher than the
story drift at the connection face (Figure 84 (b)), which is due to energy dissipation at the
connection face. Figure 85 shows the moment versus story drift relationship for this specimen. It
shows that the specimen meets the minimum acceptance criteria (0.8Mp at 0.04 rad story drift),
and RBS fractures into the beam web at the 0.07 rad story drift.
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Figure 84. (a) applied story drift applied by the actuator; (c) measured story drift at column face

Figure 85. Moment versus story drift relationship for Specimen S14-30

Column Twist Analysis
Figure 86 shows column twist analysis results for Specimen S14-30. Column twists at both
directions continuously increase through the test and peak at 0.06 rad story drift. The peak
column twist is 2.4 degrees, occurring at the bottom of the panel zone in the transverse direction.
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This trend is consistent with the increasing, and decreasing pattern observed at beam flange and
beam web buckling throughout the test.

3
Top of Column

2.5

Transverse- Bottom of Panel Zone (Peak = 2.4)
Transverse- Top of Panel Zone (Peak = 0.13)

2

(deg)
Twist(deg)
Column
Column Twist

1.5

Transverse Column

Longitudinal- Column Free Flange (Peak = 0.83)
Top of
Panel Zone

Longitudinal- Column Flange at Connection Face (Peak = 1.16)
1
0.5

0.00375

0.005

0.0075

0.01

0.015
Longitudinal Column

Bottom of Panel
Zone

0
-0.5
-1

0.02
Column Free Flange

-1.5

0.03
0.04

-2

0.05

0.06

Bottom of Column
Column Flange
at Connection

Story Drift (rad)

Figure 86. Column twist analysis for Specimen S14-30
-

Peak Resistance Threshold (PRT) Level
Figure 87 shows the applied force recorded at the connection face through the test. The

peak applied force for this specimen is 66 kips and causes local buckling of the beam bottom
flange at 0.05 rad story drift (PRT level). During testing through post-PRT drift level, beam web
and flanges experience substantial local buckling deformations.
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Figure 87. Peak resistance threshold (PRT) level for Specimen S14-30
-

Panel Zone Shear Deformation
Figure 88 shows the results for panel zone shear deformation and shear force. The peak

shear deformation is 1.0 rad, and the peak shear force is 332 kips for this specimen (the
deformation is higher, and shear force is lower in this specimen than the 20-degree and 10-
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Figure 88. (a) Panel zone shear deformation; (b) Panel zone shear force
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0.08

-

Strain Distribution at RBS Regions
Figure 89 shows strain profiles at the RBS regions of bottom and top beam flanges for

Specimen S14-30. Figure 89 (a) shows that strain in the bottom flange is considerably higher
than top flange (almost twice). Similarly, for both bottom and top RBS regions (bottom and top
flanges of the beam), the bottom of the RBS region experiences higher strain than the top of the
RBS region (the strain on the acute side of the skew angle is higher than the obtuse side). An
interesting observation in this test is the difference in strain variation along the centerline of top
and bottom flanges; where at the bottom flange, the strain of centerline is almost the same as the
top of the RBS region; however, for the top RBS region, this pattern is not observed. Figure 89
(b) shows that the strain distribution at the bottom of the RBS region is always higher at both top
and bottom flanges.
-

Strain Distribution at Beam Flanges
Figure 90 shows strain profiles for the bottom and top flanges of the beam. Figure 90 shows

that strains on the acute sides of skew angle are higher than the obtuse sides for top and bottom
flanges. The strain gauge at the centerline of the top beam flange broke off at the beginning of
the test and no data is available for that region. However, comparing the top and bottom regions
of the top and bottom flanges shows that these flanges experience almost a similar amount of
strain, although the bottom flange experiences a slightly higher strain. Figure 90(b) shows the
strain distribution on the acute side of the beam flange.
-

Strain Distribution at Column Flanges
Figure 91 shows strain profiles at the column flange of Specimen S14-30. The figure shows

data for four spots in the bottom column flange and one at the top column flange. Figure 91
shows that strain is higher on the acute side of skew angle (strain increases from low to high
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when moving from obtuse to the acute side of skew). Unlike other specimens, the strain is higher
at the top flange than the bottom flange in this specimen.

Figure 89. (a) Strain profiles at RBS cuts of beam flanges for Specimen S14-30 through the test;
(b) RBS of bottom beam flange; (c) RBS of the top beam
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Figure 90. (a) Strain profiles at beam flanges; (b) bottom flange; (c) top flange
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Figure 91. Strain distribution for Specimen S14-30: (a) Location of strain gauges; (b) Strain
distribution; (c) strain distribution at normalized column flange width

-

Investigation into Fracture Initiation
Results for experimental and analytical fracture investigations within the beam bottom flange

welded zone are shown in Figure 92. The experimental investigation shows that there is no
fracture in that region. In addition, the analytical investigation also shows no fracture in the
beam-to-column welded zone, and the damage index is almost 1.75 (similar damage ratio for
Specimen S14-10 and Specimen S14-20). Note that the higher the damage index means more
reserved fracture capacity, and the lower index shows the higher potential for fracture.
Additionally, the RBS fracture of the experimental test is predicted using the analytical model,
117

where the damage index is zero (thus implying that the fracture should occur). The result is
shown in Figure 92 (where the analytical model predicts the RBS fracture initiation at 0.07 rad
story drift).
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Figure 92. Fracture investigation results for Specimen S14-30

5.2.4. Specimen 4: M24-10
Observed Performance
-

0.01 rad story drift
At the end of 0.01 rad story drift, the whitewash at RBS regions does not flake off, as shown

in Figure 93 (a) and (b). Also, there is no column flange yielding (whitewash at column flanges
do not flake off), and there is no beam web buckling (picture for web buckling is not shown).
The column twist peak is 0.23 degrees at the end of this drift.
-

0.015 rad story drift
At the end of 0.015 rad story drift, the RBS region slightly yields (whitewash flakes off) as

shown in Figure 94 (a) and (b). However, the whitewash at the column flange does not flake off
(although there are no pictures), and the beam web has no buckling (Figure 94 (a)). At the end of
this drift, the peak column twist is approximately 0.30 degrees.
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-

0.02 rad story drift
At the end of 0.02 rad story drift, the whitewash at the RBS regions flakes further, as shown

in Figure 95 (a) and (b). There is no yielding at column flanges (Figure 95 (c)), and the beam
web does not buckle (Figure 95 (d)). Column twist peak is 0.42 degrees at the end of this drift.
-

0.03 rad story drift
At the end of 0.03 rad story drift, there is more yielding within the RBS region (whitewash

flakes further), and beam flange local buckling occurs at the RBS regions (Figure 96 (a) and (b)).
However, the whitewash at column flanges does not flake off, as shown in Figure 96 (c). The
beam web buckles at this drift (Figure 96 (d)), and the column twist peak is 0.56 degrees.
-

0.04 rad story drift
At the end of 0.04 rad story drift, both RBS regions buckle further, as shown in Figure 97 (a)

and (b). However, there is no column flange yielding (Figure 97 (c)). Beam web buckles further
at this drift (Figure 97 (d)), and the peak column twist is 0.56 degrees. There is no fracture within
the connection face at this drift, and therefore, this specimen meets the minimum acceptance
criteria of AISC 341-6.
-

0.05 rad story drift
At the end of 0.05 rad story drift, further yielding (flaking of whitewash) occurs within the

RBS regions and beam flanges, as shown in Figure 98 (a) and (b). However, there is no column
flange yielding again (Figure 98 (c)). Beam web buckles further, as shown in Figure 98 (d), and
the peak column twist is 0.53 degrees (slightly lower than the column twist at the end of 0.04 rad
story drift).

119

-

0.06 rad story drift
At the end of the 0.06 rad story drift, the yielding (flaking of whitewash) at RBS regions and

beam flanges are further propagated, as shown in Figure 99 (a) and (b). However, there is no
column flange yielding, as shown in Figure 99 (c). In addition, the most excessive beam web
buckling occurs at this drift (Figure 99 (d)), but there is no fracture within the connection face.
At the end of this drift, the peak column twist is almost 0.6 degrees.
-

0.07 rad story drift
At the end of the first cycle of the 0.07 rad story drift, the RBS region of the bottom flange

shears into the beam web together with an excessive yielding at the RBS regions and beam
flanges (Figure 100 (a) and (b)). The test is terminated at this point. The peak column twist is
0.71 degrees at the end of the test (the highest column twist through the test). At the end of the
test, the column flanges do not have any yielding signs, as shown in Figure 100(c). Flaking of
whitewash at RBS regions and beam flanges have a series of diagonal flaking with almost a 20degree skew. Detailed results are given in the following sections.

Figure 93. Specimen M24-10 at the end of 0.01 rad story drift
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Figure 94. Specimen M24-10 at the end of 0.015 rad story drift

Figure 95. Specimen M24-10 at the end of 0.02 rad story drift

Figure 96. Specimen M24-10 at the end of 0.03 rad story drift
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Figure 97. Specimen M24-10 at the end of 0.04 rad story drift

Figure 98. Specimen M24-10 at the end of 0.05 rad story drift
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Figure 99. Specimen M24-10 at the end of 0.06 rad story drift

Figure 100. Specimen M24-10 at the end of 0.07 rad story drift

-

Moment Capacity at Connection Face
Figure 101 shows applied story drift by the actuator and measured story drift at the

connection face. Recorded story drift that is exerted by the actuator (Figure 101 (a)) is slightly
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higher than the story drift at the connection face (Figure 101 (b)), which is due to energy
dissipation at the connection face as a result of plastic hinge formation at RBS. Figure 102 shows
the moment versus story drift relationship for this specimen. It shows that this specimen meets
the minimum acceptance criteria (a minimum of 0.04 rad story drift at 0.8Mp), and RBS

0.08

0.08

0.04

0.04

Story Drift (rad)

Story Drift (rad)

fractures into the beam web at the end of the first cycle of 0.07 rad story drift.

0
-0.04
-0.08

0
-0.04
-0.08

Time

Time

(a)

(b)

Figure 101. (a) applied story drift applied by the actuator; (c) measured story drift at column face

Figure 102. Moment versus story drift relationship for Specimen M24-10
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Column Twist Analysis
Figure 103 shows column twist analysis for Specimen M24-10. The transverse column twists

are almost similar (0.55deg and 0.60 deg in the bottom and top of panel zone), while the
longitudinal column twist has the peal value (0.71degree). However, the pattern is similar in both
directions, where column twist peaks at 0.05 rad story drift.
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Figure 103. Column twist analysis for Specimen M24-10
-

Peak Resistance Threshold (PRT) Level
Figure 104 shows the applied force recorded at the connection face through the test. The

peak applied force is 76.8 kips and occurs at 0.04 rad story drift, which causes local buckling of
the beam flange (PRT level). During testing through post-PRT drift level, beam web and flanges
experience substantial local buckling deformations.
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Figure 104. Peak resistance threshold (PRT) level for Specimen M24-10

-

Panel Zone Shear Performance
Figure 105 shows shear deformation in the panel zone. The peak shear deformation in the

panel zone is 1.5 rad (which occurs at 0.04 rad story drift), and the peak shear force is 363 kips
(The shear deformation is higher than Specimen S14-10).
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Figure 105. (a) Panel zone shear deformation; (b) Panel zone shear force
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Strain Distribution at RBS Regions

Figure 106 shows strain distribution at RBS regions of Specimen M24-10. The strain gauges at
RBS regions broke off at almost 0.015 rad story drift in this test. Also, at the RBS region of the
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top flange, only the strain gauge located at the centerline of the flange functioned.

Figure 106 shows that by increasing the drift, the strain increases at all locations of the
RBS region, and the bottom flange experiences a higher strain than the top flange. Also, on the
bottom flange, the gauge at the bottom of RBS experiences higher strain than the top of the RBS
region (the acute side of the skew angle experiences higher strain than the obtuse angle).
-

Strain Distribution at Beam Flanges

Figure 107 shows strain distribution at the beam flange close to the connection face. For this
specimen, the bottom gauge at the bottom flange and the top and middle gauges at the top flange
broke at the very beginning of the test, and thus no results are reported for them. Figure 107
shows that the beam bottom flange generally experiences higher strain than the top flange.
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Strain Distribution at Column Flanges
Figure 108 shows the distribution of strain at column flanges for Specimen M24-10.

Figure 108 (a) shows that the column flange experiences higher strain in the vicinity of the beam
bottom flange than the column flange in the vicinity of the beam top flange. In addition, the
acute side of the skew angle experiences higher strain rates than the obtuse side of the skew
angle.

Figure 106. (a) Strain profiles at RBS regions of beam flanges through the test; (b) RBS region
of bottom flange; (c) RBS region of the top flange
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Figure 107. (a) Strain profiles at beam flanges through the test for Specimen M24-10; (b) bottom
flange; (c) top flange

Figure 108. Strain distribution for Specimen M24-10: (a) Location of strain gauges; (b) Strain
distribution; (b) strain distribution at normalized column flange width
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Investigation into Fracture Initiation
Results for experimental and analytical fracture investigations within the beam bottom flange

are shown in Figure 109. Experimental investigation shows that there is no fracture in that
region. In addition, the analytical investigation also shows no fracture in the beam-to-column
welded zone, and the damage index is almost 1.70. Note that the higher the damage index means
more reserved fracture capacity, and the lower index shows the higher potential for fracture.
Additionally, the RBS fracture of the experimental test is predicted using the analytical model,
where the damage index is zero (thus implying that the fracture should occur). The result is
shown in Figure 109 (where the analytical model predicts the RBS fracture initiation at 0.07 rad
story drift).
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Figure 109. Results of fracture investigation for Specimen M24-10
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5.2.5. Specimen 5: M24-20
Observed Performance
For this specimen, plastic paint was used instead of using whitewash. Therefore, the paint
does not flake off as quickly as the whitewash used in other specimens (due to the high plasticity
of the paint).
-

0.01 rad story drift
At the end of 0.01 rad story drift, the RBS region of the beam top flange does not have

flaking signs, as shown in Figure 110 (a); but the RBS region of the beam bottom flange slightly
flakes off, as shown in Figure 110 (b). In addition, the paint at column flanges does not flake off.
Moreover, there is no beam web buckling signs (Figure 110 (c), and the peak column twist at this
drift is 0.54 degrees.
-

0.015 rad story drift
At the end of 0.015 rad story drift, there is no flaking within the RBS region of the beam top

flange, as shown in Figure 111 (a). However, further flaking of the paint is observed within the
RBS region of the beam bottom flange, as shown in Figure 111 (b). In addition, the column
flanges do not have yielding signs (no whitewash), but the picture is not shown. In addition. the
beam web slightly buckles, as shown in Figure 111 (c), which is the earliest beam web buckling
among all specimens. The column twist at the end of this drift is 0.75 degrees.
-

0.02 rad story drift
At the end of 0.02 rad drift, both RBS regions of top and bottom beam flanges experience

yielding (flaking of the paint), as shown in Figure 112 (a) and (b). Also, the beam web buckles
further, as shown in Figure 112 (c). However, column flanges have no yielding signs. The peak
column twist is 1.16 degrees at the end of this drift.
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0.03 rad story drift
At the end of 0.03 rad story drift, yielding within both RBS regions and beam flanges further

propagate (Figure 113 (a) and (b)). Also, the beam web buckles further, as shown in Figure 113
(c). However, there are no signs of column flange yielding. The column twist increases in this
drift and peaks at 1.29 degrees.
-

0.04 rad story drift
At 0.04 rad drift, yielding within the RBS regions and beam flanges further propagate, and

the RBS of beam bottom flange locally buckles (Figure 114 (a) and (b)). However, there is no
yielding within the column flange area, as shown in Figure 114 (c). In addition, beam web
buckling is significant, as shown in Figure 114 (d). The column twist constantly increases and
peaks at 1.42 degrees. At the end of this drift, there is no fracture within the connection face, and
the specimen experiences no strength degradation. Therefore, this specimen meets the minimum
acceptance criteria of AISC 341-16.
-

0.05 rad story drift
At the end of 0.05 rad story drift, the RBS of beam top flange experiences excessive yielding

(Figure 115 (a)), and the RBS of beam bottom flange buckles further (Figure 115 (b)). However,
there is no column flange yielding (the paint at the column flange does not flake), as shown in
Figure 115 (c). Figure 116 (d) shows that the beam web buckles further. Also, the peak column
twist is 1.50 degrees, which is the highest column twist throughout the test. Despite the beam
web buckling and local flange yielding, there is still no fracture within the connection.
-

0.06 rad story drift
At the end of 0.06 rad drift, flaking of the paint at RBS regions as well as local buckling of

beam flanged are visible (implying that by increasing the story drift, the connection further
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yields), as shown in Figure 116 (a) and (b). However, there is no whitewash within the column
flanges, as shown in Figure 116 (c). In addition, the beam web extremely buckles, as shown in
Figure 116 (d). Also, the column twist at this drift is 1.17 degrees, which is less than the peak
column twist within the previous drift (the peak column twist was 1.5 degrees at the 0.05 rad
story drift). The lower column twist within this drift is due to the excessive buckling of the beam
web and flanges. Despite the extreme beam web and flange buckling, there is no fracture within
the connection.
-

0.07 rad story drift
At the end of the first cycle of 0.07 rad drift, the RBS at beam top flange extremely buckles,

as shown in Figure 117 (a). Also, the RBS at the bottom flange of the beam shears into the beam
web, as shown in Figure 117 (b). The test is terminated at this point. At the end of the test, the
paint at the RBS regions and beam flanges have extreme flaking. The paint flaking at RBS and
on beam flanges has a series of diagonal flaking with almost 20-deg skew. However, there is no
flaking of the paint within the column flange area (Figure 117 (c)). Detailed results are given in
the following sections.

Figure 110. Specimen M24-20 at the end of 0.01 rad story drift
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Figure 111. Specimen M24-20 at the end of 0.015 rad story drift

Figure 112. Specimen M24-20 at the end of 0.02 rad story drift

Figure 113. Specimen M24-20 at the end of 0.03 rad story drift
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Figure 114. Specimen M24-20 at the end of 0.04 rad story drift

Figure 115. Specimen M24-20 at the end of 0.05 rad story drift
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Figure 116. Specimen M24-20 at the end of 0.06 rad story drift

Figure 117. Specimen M24-20 at the end of 0.07 rad story drift

137

-

Moment Capacity at Connection Face
Figure 118 shows the actuator's applied story drift and measured story drift at the

connection face. Recorded story drift that is exerted by the actuator (Figure 118 (a)) is slightly
higher than the story drift at the connection face (Figure 118 (b)), which is due to energy
dissipation at the connection face. Figure 119 shows the moment versus story drift relationship
for this specimen. It shows that the specimen meets the minimum acceptance criteria (a
minimum of 0.04 rad story drift at 0.8Mp), and RBS fractures into the beam web at the end of
the first cycle of 0.07 rad story drift.
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Figure 118. (a) applied story drift applied by the actuator; (b) measured story drift at column face
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Figure 119. Moment versus story drift for Specimen M24- 20
-

Column Twist Analysis
Figure 120 shows longitudinal and transverse column twist variation through the test. The

figureshows that both longitudinal and transverse twists continuously increase throughout the
test until 0.05 rad story drift and then decrease at the rest of the test. The peak twist occurs in the
transverse direction (bottom of the panel zone) and is 1.50 degrees.
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Figure 120. Column twist analysis for Specimen M24-20
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Peak Resistance Threshold (PRT) Level
Figure 121 shows the applied force recorded at the connection face through the test. The

peak applied force is 73 kips and occurs at 0.04 rad story drift, causing beam flange local
buckling (PRT level). During testing through post-PRT drift level, beam web and flanges
experience substantial local buckling deformations.
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Figure 121. Peak resistance threshold (PRT) level for Specimen M24-20

-

Panel Zone Shear Deformation
Figure 122 shows panel zone shear deformation. The peak shear deformation in the panel

zone is 1.9 rad, and the peak shear force is 348 kips (note that this specimen has higher panel
zone deformation than S14-20 and M24-10).
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Figure 122. (a) Panel zone shear deformation; (b) Applied force

-

Strain Distribution at RBS Regions
Figure 123 shows strain profiles at RBS regions of Specimen M24-20. The strain gauges at

the RBS regions broke off at almost 0.015 rad drift in this test. Figure 123 shows that strain is
always higher in the RBS regions of the beam bottom flange beam than the top flange. Also, the
bottom of the RBS region (acute side of skew angle) experiences more strain than the top of the
RBS region (acute side of skew angle). The peak strain occurs on the obtuse side of the skew
angle of the RBS region for the bottom flange RBS. The value of the peak strain is 0.01 in/in.
-

Strain Distribution at Beam Flanges
Figure 124 shows strain profiles at beam flanges. This figure shows that the bottom flange of

the beam experiences higher strains than the top flange beam. Also, strain at the bottom of the
beam flange (acute side of skew angle) is always higher than the obtuse side of the skew angle.
-

Strain Distribution at Column Flanges
Strain profiles for column flanges are shown in Figure 125. This figure shows that higher

strain occurs on the skew angle's acute side than the obtuse side. However, for this specimen, the
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strain gauges at the top side of the connections broke off at the beginning of the test, and data is
only available for the column flange at the bottom column flange.

Figure 123. (a) Strain variation at RBS regions of beam flanges for Specimen M24-20 through
the test; (b) RBS region of bottom flange; (c) RBS region of the top flange
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Figure 124. (a) Strain variation at beam flanges through the test for Specimen M24-20; (b)
bottom flange; (c) top flange
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Figure 125. Strain distribution for Specimen M24-20: (a) Location of strain gauges; (b) Strain
distribution; (b) strain distribution at normalized column flange width

-

Investigation into Fracture Initiation
Results for experimental and analytical fracture investigations within the beam bottom flange

welded zone are shown in Figure 126. Experimental investigation shows that there is no fracture
in that region. In addition, the analytical investigation also shows no fracture in the beam-tocolumn welded zone, and the damage index is almost 1.25 (which is significantly lower than
Specimen S14-20 and M24-10). Noe that the higher the damage index means more reserved
fracture capacity, and the lower index shows the higher potential for fracture. Additionally, the
RBS fracture of the experimental test is predicted using the analytical model, where the damage
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index is zero (thus implying that the fracture should occur). The result is shown in Figure 126
(where the analytical model predicts the RBS fracture initiation at 0.07 rad story drift).
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Figure 126. Results of fracture investigation for Specimen M24-20

5.2.6. Specimen 6: M24- 30
Observed Performance
-

0.01 rad Story Drift
At the end of 0.01 rad story drift, the RBS regions (both top and bottom beam flanges)
have yielding signs (flaking of the whitewash), as shown in Figure 127 (a) and (b). However,
there is no flaking of the whitewash on the column flange (thus no yielding). In addition, the
whitewash of the beam web slightly flakes off (Figure 127 (c)), but there is no beam web
buckling. The early flaking of the beam flanges and beam web for this specimen at 0.01 rad
is the earliest yielding among all specimens. The peak column twist is 0.5 degrees at the end
of 0.01 rad story drift.
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0.015 rad Story Drift
At the end of 0.015 rad story drift, the flaking of the whitewash within the RBS regions
and the beam web is similar to the previous drift (0.01 rad story drift). The propagation of the
flaking is barely visible compared to the previous drift, as shown in Figure 128 (a), (b), and
(c). At the end of this drift, the whitewash of column flange in the vicinity of the beam top
flange flakes off (Figure 128 (d)); but there is no flaking of whitewash at column flange in
the vicinity of the beam bottom flange (Figure 128 (e)). The flaking of whitewash at column
flange surface in the vicinity of the beam top flange is a phenomenon that was not observed
in the previous specimens.

-

0.02 rad Story Drift
At the end of 0.02 rad story drift, the whitewash within the RBS region of beam top
flange flakes slightly further, as shown in Figure 129 (a). The whitewash within the RBS
region of the beam top flange flakes more than that of the beam top flange, as shown in
Figure 129 (b). Also, the whitewash of the beam web further flakes, but the beam web does
not buckle Figure 129 (c). Whitewash of column flange in the vicinity of the beam top flange
continuously flakes (Figure 129 (d)); but whitewash of column flange in the vicinity of the
beam bottom flange does not flake, as shown in Figure 129 (d). The peak column twist is
approximately 1.0 degrees at the end of this drift.

-

0.03 rad Story Drift
At the end of 0.03 rad story drift, the whitewash of RBS regions and beam flanges
constantly flake off, where flaking at the beam bottom flange is more than the beam top
flange, as shown in Figure 130 (a) and (b). In addition to beam web yielding, the beam web
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starts buckling at this drift, as shown in Figure 130 (c). The whitewash of column flange in
the vicinity of the beam top flange further flakes off (Figure 130 (d)), whereas the whitewash
of column flange in the vicinity of the beam bottom flange does not flake (Figure 130 (e)).
The peak column twist is 1.14 degrees at this drift.
-

0.04 rad Story Drift
At the end of 0.04 rad story drift, the whitewash of RBS regions and beam flanges further
flake off at both RBS regions, where the beam bottom flange has higher flaking than the
beam top flange (Figure 131 (a) and (b)). Also, the beam web buckles further, as shown in
Figure 131 (c). In addition, the whitewash at the column flange in the vicinity of the beam
top flange flakes off (more than the previous story drift), as shown in Figure 131 (d).
However, the whitewash of the column flange in the vicinity of the beam bottom flange does
not flake off, as shown in Figure 131 (e). The peak column twist increases at the end of this
drift, peaking at 1.56 degrees. At the end of 0.04 rad story drift, there is no significant
strength degradation and no fracture within the connection. Therefore, the specimen meets
the minimum acceptance criteria of the AISC 341-16.

-

0.05 rad Story Drift
At the end of 0.05 rad story drift, the RBS region within the beam top flange experiences
extreme yielding (extreme flaking of the whitewash), as shown in Figure 132 (a). Also, the
RBS region of the beam bottom flange starts buckling, as shown in Figure 132 (b); and the
beam web buckles further, as shown in Figure 132 (c). Similarly, the whitewash of the
column flange in the vicinity of the beam top flange flakes further, as shown in Figure 132
(d); and the whitewash of column flange in the vicinity of the beam bottom flanges starts
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flaking at this drift, as shown in Figure 132 (e). The peak column twist is 2.1 degrees at the
end of this drift.
-

0.06 rad Story Drift
At the end of 0.06 rad story drift, the beam top flange starts buckling, as shown in Figure
133 (a). Also, the beam bottom flange experiences further buckling Figure 133 (b). Also, the
beam web excessively buckles, as shown in Figure 133 (c). The whitewash of the column
flange in the vicinity of both beam top and bottom flanges flange further flake off, as shown
in Figure 133 (d) and (e). The peak column twist is 2.5 degrees and is the maximum column
twist throughout the test.

-

0.07 rad Story Drift
At the end of the first cycle of 0.07 rad story drift, the beam top flange excessively
buckles, as shown in Figure 134 (a); and the RBS of the beam bottom flange fractures into
the beam web, as shown in Figure 134 (b). The test is terminated at this point. Beam web
buckling relaxes at the end of the test (due to the fracturing of RBS into the web), as shown
in Figure 134 (c). Also, at the end of the test, the column flanges in the vicinity of the beam
top flanges and beam bottom flanges experience extreme flaking of whitewash, as shown in
Figure 134 (d) and (e). The peak column twist is 2.5 degrees at this drift. This specimen
(M24-30) has the highest amount of column flange yielding at the end of the test, and this
specimen is the only specimen with yielding signs on the column flange in the vicinity of the
beam top flange. Note that the LVDTs used for column twist measurement underestimated
the data at this test due to a malfunction problem. Had the LVDTs functioned adequately, the
column twist should have been higher than reported. The whitewash within the RBS regions
has a pattern of 30-degree flaking.
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Figure 127. Specimen M24-30 at the end of 0.01 rad story drift

Figure 128. Specimen M24-30 at the end of 0.015 rad story drift
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Figure 129. Specimen M24-30 at the end of 0.02 rad story drift

Figure 130. Specimen M24-30 at the end of 0.03 rad story drift
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Figure 131. Specimen M24-30 at the end of 0.04 rad story drift

Figure 132. Specimen M24-30 at the end of 0.05 rad story drift
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Figure 133. Specimen M24-30 at the end of 0.06 rad story drift

Figure 134. Specimen M24-30 at the end of 0.07 rad story drift
-

Moment Capacity at Connection Face
Figure 135 shows applied story drift by the actuator and measured story drift at the

connection face. Recorded story drift that is exerted by the actuator (Figure 135 (a)) is slightly
higher than the story drift at the connection face (Figure 135 (b)), which is due to energy
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dissipation at the connection face. Figure 136 shows the moment versus story drift relationship
for this specimen. It shows that the specimen meets the minimum acceptance criteria (a
minimum of 0.04 rad story drift at 0.8Mp), and RBS fractures into the beam web at the end of
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Figure 135. (a) applied story drift applied by the actuator; (c) measured story drift at column face

Figure 136. Moment versus story drift relationship for Specimen M24-30
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Column Twist Analysis
Figure 137 shows column twist analysis results for Specimen M24-30. The recorded column

twist for this specimen is underestimated due to the malfunctioning of the LVDTs. Had the
LVDTS functioned adequately, the measurements would be higher. However, the trend of
column twists in each direction is not affected by the LVDT malfunction. This figure shows that
the longitudinal column twist at the bottom of the panel zone has the highest twist throughout the
test. In addition, column twists at both directions constantly increase by story drift for up to 0.05
rad story drift. Transverse column twist is lower in this specimen compared to other specimens.
The peak values of column twists are shown in Figure 137.

3

0.06

Top of Column

0.07

0.05
2

0.04

Column Twist (deg)

0.02
1

0.03

Top of
Panel Zone

0.015
0.00375

0.005

0.0075

Transverse Column
Twist

0.01
Longitudinal Column
Twist

0

Bottom of Panel
Zone

-1

÷

Transverse- Bottom of Panel Zone (Peak = 1.23)
Transverse- Top of Panel Zone (Peak = 2.55)

Column Free Flange

-2

Longitudinal- Column Free Flange (Peak = 0.85)
Bottom of Column

Longitudinal- Column Flange at Connection Face (Peak = 0.27)

Column Flange
at Connection
Face

-3

Story Drift (rad)

Figure 137. Column twist analysis for Specimen M24-30
-

Peak Resistance Threshold (PRT) Level
Figure 138 shows the applied force recorded at the connection face through the test. The

peak applied force for this specimen is 79 kips at 0.05 rad story drift, causing the local buckling
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of the beam flange. During testing through post-PRT drift level, beam web and flanges
experience substantial local buckling deformations.
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Figure 138. Peak resistance threshold (PRT) level for Specimen M24-30
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Panel Zone Shear Performance
Figure 139 shows shear deformation in the panel zone for Specimen M24-30. The peak shear

deformation for this specimen is almost 11.5 rad (which is the highest among all specimens), and
the shear force is 427 kips (which is the lowest among all specimens).
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Figure 139. (a) Panel zone shear deformation; (b) Panel zone shear force
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Strain Distribution at RBS regions

Figure 140 shows strain profiles for Specimen M24-30. For this specimen, strain at the top of the
RBS region of the bottom flange is slightly higher than the bottom of the same RBS region.
Similarly, strain at the centerline of the top flange RBS is slightly higher than the centerline of
the bottom flange RBS. In both top and bottom RBS regions, the top of RBS has a slightly lower
strain than the centerline. The bottom of the RBS region of the top flange has the highest strain.
It can be implied that the RBS of the bottom flange should have a higher strain on its acute side
of the skew angle than the obtuse side. However, the strain gauge on the acute side of the RBS
region of the bottom flange broke off at the beginning of the test, and there is no data available
for this region). Figure 140(b) shows strain profiles along the normalized length of the RBS
region.
-

Strain Distribution at Beam Flanges
Figure 141 shows strain profiles at the beam flanges for Specimen M24-30. This figure

shows that the highest strain occurs on the acute side of skew angle for beam top flange.
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However, the strain gauge on the acute side of the bottom flange broke off at the beginning of
the test and the data is not available for that region.
-

Strain Distribution at Column Flanges
Figure 142 shows strain profiles at the column flanges of Specimen M24-30. This figure

shows that the highest strain occurs on the acute side of the skew angle for the column flanges.
Also, column flange strain in the vicinity of the beam top flange is slightly higher than the
bottom flange. Results for this specimen show higher strains at the top flange of the column, top
flange of the beam, and the top RBS region. This result is different from other specimens, where
the strain range is higher at the bottom flanges of beams and columns. This behavior is due to a
higher column twist at the bottom of the panel zone than at the top. In other words, the higher
column twist at either side of the panel zone reduces the strain demands in that area.

Figure 140. (a) Strain variation at RBS cuts of beam flanges for Specimen M24-30 through the
test; (b) RBS of bottom beam flange; (c) RBS of top beam flange
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Figure 141. (a) Strain variation at beam flanges through the test for Specimen M24-30; (b)
bottom flange; (c) top flange

Figure 142. Strain distribution for Specimen M24-30: (a) Location of strain gauges; (b) Strain
distribution; (b) strain distribution at normalized column flange width
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Investigation into Fracture Initiation
Results for experimental and analytical fracture investigations within the beam bottom flange

wlded zone are shown in Figure 143. experimental investigation shows there is no fracture in that
region. In addition, the analytical investigation also shows no fracture in the beam-to-column
welded zone, and the damage index is almost 1.75. Note that the higher the damage index means
more reserved fracture capacity, and the lower index shows the higher potential for fracture.
Additionally, the RBS fracture of the experimental test is predicted using the analytical model,
where the damage index is zero (thus implying that the fracture should occur). The result is
shown in Figure 143 (where the analytical model predicts the RBS fracture initiation at 0.07 rad
story drift).
Dye-penetration test
Beam bottom flange
(no fracture)
Damage Index

2

RBS fracture at 0.07 rad
story drift

0.04 rad
Beam-to-column weld
RBS Region

1

Degraded critical
plastic strain

Weld at beam
Bottom flange
30-deg. skew

0
0

40

Significant plastic
strain

80
120
Analytical Analysis Step

160

Figure 143. Fracture Initiation Investigation for Specimen M24-30

5.3.Effect of Skew on Moment Capacity of Connections
Figure 144 (a) through (f) show hysteretic moment diagrams of all specimens. Note that for
each specimen, the analytical (FEA) results are also shown using dashed lines (replicated from
the study of [2]). Results show that the experimental results comply with the experimental
results. Comparison of Figure 144 (a) through (f) shows that the stiffness of the connections
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reduces by increasing the skew angle. In addition, the comparison shows that a more
considerable strength degradation under the negative bending moment (when the beam top
flange is in tension) occurs in all specimens, and such strength degradation increases with the
increase in the skew angle. In this regard, specimens with 30-degree skews have higher strength
degradations than the connections with 20- and 10-degree skews.
Figure 144 (g) compares the moment capacity of connections for different skew angles. The
figure shows that connections with larger skew angles have lower connection capacities,
implying the inverse relationship between the angle of skew and connection stiffness. However,
specimens with shallow columns (W14×) have higher moment capacities than the specimens
with medium-depth (W24×) columns. In addition, the 30-degree skew connections have the
lowest moment connection capacities among all.
5.4. Effect of Skew on Column Twist

Figure 145 shows the effect of skew angle on column twists in two directions and two
sides of each column for each specimen. the figure shows that increasing the skew angle
increases column twist in both directions. Note that the column twists recorded for Specimen
M24-30 are underestimated in the test due to the LVDTs' malfunctioning. Figure 145 (a)
compares the peak values of transverse column twist at the bottom of the panel zone; it can be
seen that by increasing the skew angle, column twist increases in this region. Figure 145 (b)
shows the transverse column twist at the top of the panel zone where the same behavior is
observed. However, the column twist at the bottom of the panel zone is slightly higher than the
top of the panel zone. Figure 145 (c) and (d) compare column twists along the longitudinal
direction at the free flange of column and flange of the column at connection face, respectively.
Comparison of these two figures shows that the transverse column twist at two column flanges is
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almost the same. In addition, although the transverse column twist increases by increasing the
skew angle, the peak column twist is still almost 1 degree for all skew angles. In contrast, the
peak column twist at the transverse direction is around 2.5 degrees.
Figure 146 shows the column twist in the transverse direction in the bottom of the panel
zones. The figure shows that the column twist increases and maximizes at almost 0.05 rad story
drift for all specimens. The slight decrease of column twist beyond 0.05 rad story drift can be
due to increased beam web and flange buckling at this story drift.
Note that in addition to the effect of skew, the torsional stiffness of columns also affects
the column twist. the polar moment of inertia and the

(𝑑𝑐𝑜𝑙 −𝑡𝑓𝑙 )
𝑡𝑓𝑙 3

ratio are the torsional stiffness

properties of columns. In the present study, the polar moment of inertia of the medium-depth
column is lower than the shallow column (𝐽 = 12.3 𝑖𝑛 for W14×132, and 𝐽 = 9.5 𝑖𝑛 for
W24x131). Also,

(𝑑𝑐𝑜𝑙. −𝑡𝑓𝑙 )
𝑡𝑓𝑙 3

higher J value and lower

is 13.45 for W13×132 and is 27.69 for W24×131. Therefore, the

(𝑑𝑐𝑜𝑙. −𝑡𝑓𝑙 )
𝑡𝑓𝑙 3

ratio of the medium depth columns (W24×131) are the reasons

for the higher column twists of Specimens M24-10, M24-20, and M24-30 than Specimens S1420, S14-20, and S14-30.
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Figure 144. Moment diagram for Specimen: (a) S14-10; (b) M24-10; (c) S14-20; (d) M24-20; (e)
S14-30; (f) M24-30; (g) Comparison of moment capacity at connection face; (h) comparison of
moment capacity versus column twist
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Figure 146. Effect of skew on column depth and skew angle on column twist
5.5. Effect of Skew on Peak Resistance Threshold (PRT) Level

Figure 147 shows the effect of skew angle on the PRT levels of specimens. This figure shows
that the PRT level is sensitive to the skew angle, where the 30-degree skewed connections have
lower PRT levels than the 10-degree and 20-degree skewed connections. In addition, the PRT
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levels of the medium-depth (W24×) connections are higher than the shallow (W14×)
connections. Lower PRT levels of the 30-degree connections imply that their beam web and

Peak Resistance Threshold (kip)

flanges buckle earlier than those of the 10- and 20-degree connections.
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Figure 147. Effect of skew on Peak Resistance Threshold (PRT) level
5.6. Effect of Skew on Panel Zone Performance

In analyzing a panel zone's performance, the weight and area of the panel zone are two
critical factors. In the present study, weights of shallow and medium columns are almost similar
(W14×132 used in S14 specimens versus W24×131 used in M24 specimens). Therefore,
investigating the effect of skew angle on the weight of the panel zone is not possible. Also, the
panel zone width is the same for all specimens because the beam depth is the same for all
specimens, and only the panel zone depth and area differ (a deeper column has a deeper panel
zone). The effect of skew angle on panel zone performance can be studied by analyzing the panel
zones' shear deformation, shear force, and continuity plate displacement. The mentioned analyses
are explained in the following sections.
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Figure 148 (a) shows the effect of skew angle on all specimens' panel zone shear force. This
figure shows that the panel zone shear force reduces significantly by increasing the skew angle
from 10 to 30 degrees (for both shallow and medium-depth columns).
Figure 148 (b) shows the effect of skew angle on the panel zone shear deformation of the
columns. This figure shows that the shear deformation of the panel zones of all shallow column
connections is approximately 1.0 rad, implying that the panel zone shear deformation of the
shallow columns is independent of the skew angle. On the other hand, for the medium-depth
columns, an increase in the skew angle significantly increases the panel zone shear deformation
(from 2 rad in the 10-degree skewed connection to 11 rad for the 30-degree skewed connection).
These results imply that the skew angle does not affect the panel zone shear deformation for the
shallow columns but affects the shear deformation of the medium-depth columns.
Figure 149 compares displacement of the bottom and top continuity plates for panel
zones of different specimens. Figure 149 shows that the continuity plate displacement increases
as the skew angle increases (Figure 149 (a), (b), and (c)). Similarly, displacement of the
continuity plate is higher in the medium-depth columns than in shallow columns. It can be
concluded that the effect of skew angle on panel zone performance is more significant on the
medium-depth columns than shallow columns.
Previous studies suggest that panel zone shear deformations may significantly increase
demands on the beam flange groove welds and surrounding base metal regions and may
therefore cause fractures within this region [1], [2]. Although in this study, the strain gauges
were not used to investigate the strain distribution within weldment of panel zones of specimens,
there was no whitewash flaking in the panel zone areas of any specimen. It implies that there is
no yielding in panel zones.
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Figure 149. Displacement in continuity plates of panel zones
5.7.Effect of Skew on Strains at RBS Regions
Figure 150 shows the effect of skew on the strain profiles at different regions of the RBS
at beam bottom flanges. All results are shown for up to 0.015 rad story drift (most strain gauges
mounted within the RBS regions broke off at this drift). Figure 150 shows that for the RBS at
bottom flanges, the increase in skew angle from 10 degrees to 30 degrees increases the peak
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starin values. Comparing the strain profiles on the obtuse side of skew angle (Figure 150 (a), (b)
and (c)) to the acute side of skew angle (Figure 150 (g), (h) and (i)) shows that the strain is
higher on the acute side. In this regard, the peak srain value occurs at the acute side of the skew
angle, where Specimen S14-10 has a peak strain of approximltely 0.02 in/in (Figure 150 (g)), and
Specimen S14-30 has a peak strain of approximately 0.025 in/in. In addition, Figure 150 shows
that the shallow columns experience higher peak strains than the medium-depth columns.
Figure 151 shows the effect of skew on the strain profiles at different regions of the RBS
at beam top flanges. All results are shown for up to 0.015 rad story drift (most strain gauges
mounted within the RBS regions broke off at this drift). Figure 151 shows that for the RBS at top
flanges, the increase in skew angle from 10 degrees to 30 degrees increases the peak starin
values. Also, Figure 151 shows that the strain value on the obtuse side of skew angle is always
close to zero (Figure 151 (a), (b), (e), (g) and (h)) for the 10- and 20-degree specimens. However,
the peak strain on the obtuse side of skew for the 30-degree specimens is close the peak strain on
the acute side of skew angle (approximately 0.02 in/in, as shown in Figure 151 (c) and (i)).
Comparing the strain profiles in Figure 151 shows that the strain on the acute side of skew angle
is higher than the acute side of skew angle.
Comparing the strain profiles at the RBS regions of the beam bottom and top flanges
(Figure 150 versus Figure 151) shows that the peak strain on the beam bottom flange is higher
than the beam top flange.
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Figure 150. Comparison of strain distribution at RBS regions of beam bottom flange
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Figure 151. Comparison of strain distribution at RBS region of beam top flange
5.8.Effect of Skew on Yielding at Beam Flanges
Figure 152 shows the effect of skew angle on the strain profiles at beam bottom flanges close
to the connection face. Figure 152 shows that increasing the skew angle increases the peak strain
at the beam bottom flnages. Also, Figure 152 shows that the peak strain is higher on the acute
side of skew angle than the obtuse sides.
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Comparing strain profiles on the obtuse side of the skew angle of the beam bottom flanges
shows that the peak strain of the 10-degree and 30-degree skewed connections is almost 0.01
in/in (Figure 152 (a) and (c)). In contrast, the peak value of strain on the acute side of skew angle
is 0.005 in/in for the 10-degree skewed connection, whereas the peak for the 30-degree skewed
connection is 0.02 in/in. This finding shows that the beam bottom flange strain profile on the
obtuse side of skew angle is insensitive to the skew angle; whereas the beam bottom flage strain
profile on the acute side of skew angle is sensitive to the skew angle.
Figure 153 shows the effect of skew angle on the strain profiles at beam top flanges close to
the connection face. Figure 153 shows that increasing the skew angle increases the peak strain at
the beam top flnages. Also, Figure 152 shows that the peak strain is higher on the acute side of
skew angle than the obtuse sides.
Figure 154 compares strain distribution on acute sides of skew for 10-degree and 30degree skewed specimens. Figure 154 shows that top and beam flanges of 30-degree skewed
specimens experience higher strains than the 10-degree skewed specimens. Specimen S-14-30
has a peak strain value of almost 0.01 in/in from 0.03 rad story drift to 0.06 rad story drifts on the
obtuse sides of the skew angle. However, on the acute side, strain peaks at 0.02 in/in for
Specimen S14-30, as shown in Figure 154 (a). On the other hand, Specimen S14-10 has a peak
of 0.005 in/in at 0.01 rad story drift on the obtuse side of skew, and peaks at almost 0.005 in/in at
0.01 story drift on the acute side skew (Figure 154 (b)). In addition, comparing the strain profiles
at beam bottom and top flanges (Figure 152 versus Figure 153) shows that the beam bottom
flanges experience higher strain values than beam top flanges.
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Figure 152. Effect of skew angle on strain profiles at beam bottom flange
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Figure 153. Effect of skew angle on strain profiles at beam top flange

Figure 154. Comparison of strain distribution at acute side of skew for specimens with (a) 30degree skew; (b) 10-degree skew
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5.9.Effect of Skew on Strain at Column Flanges
Figure 155 shows the effect of skew angle on strain distribution of the column flanges in the
vicinity of the beam bottom flanges. Figure 155 shows that increasing in the skew angle
increases the peak strain at the column flange. Also, Figure 155 shows that Specimen M24-30
has the highest strain value than other specimens. Comparison of Figure 155 (a), (d), (g) and (j)
shows that the strain on the acute side is higher than the obtuse side of skew angle. Specimen
S14-30 has the second highest strain values in all regions after Specimen M24-30. In contract,
Specimens S14-10 and M24-10 have lower strain values than specimens with a 20-degree skew.
Figure 156 shows the effect of skew angle on strain distribution of the column flanges in the
vicinity of the beam top flanges. Figure 156 shows that that increasing in the skew angle
increases the peak strain at the column flange. Also, the peak strain is higher on the acute side
than the obtuse side of the skew angle.
Comparison of the strain parofiles on the acute sides of the column flanges in the vicinitiy of
the beam bottom and top flanges (Figure 155 (j), (k) and (l) versus Figure 156 (a), (b) and (c))
shows that the strain in the vicinity of the beam bottom flange is slightly higher than the vicinity
of the beam top flange.
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Figure 155. Effect of skew angle on strain profiles at column flange (at the beam bottom flange)
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Figure 156. Effect of skew angle on strain profiles at column flange (at the beam top flange)

5.3 Design Recommendations
Experimental observation and moment-rotation measurements indicate that skewed RBS
connections having medium-depth (W24×) columns experience higher column twist demands
than specimens with shallow column (W14×) columns due to the lower polar moment of inertia.
Additionally, increases in skew angle result in higher column twist through eccentric column
loading mechanisms. Because increases in column twist are observed to cause increases in
column flange yielding (despite alleviating beam web buckling) it is recommended to modify
current RBS bracing procedures to include additional column bracing (through the addition of
beam-to-column kickers) for W24x or deeper column sections skewed greater than 20 degrees.
For skews of 20 degrees or less in W24x or shallower columns, results suggest that the current
AISC RBS design procedures are adequate as currently prescribed.
5.4 Summary of Chapter
This chapter presents the results of experimental investigations into the cyclic behavior of
skewed RBS SMF connections. Six specimens with 10-degree, 20-degree, and 30-degree skews
were investigated with two column depths of W14× and W24×. All specimens were designed
following AISC 358-16 [6] design procedure and loaded using the loading protocol established
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in Chapter K in AISC 341-16 [13]. All six specimens satisfied the AISC acceptance criteria by
completing one full cycle at 0.04 rad story drift while the flexural strength at the face of the
column did not degrade below 80% of the beam nominal plastic moment (0.8Mp). Results
showed that the stiffness of specimens is inversely proportional to the angle of skew, where
connections with 10-degree skew are stiffer than the specimens with 30-degree skew. In all
specimens, yielding in beam flange, column flange, and RBS regions were nonsymmetric on
acute and obtuse sides of skew (strain rate is higher on acute side, and thus yielding). In addition,
beam flange local buckling occurred at almost 0.035 rad to 0.05 rad story drifts for all
specimens, depending on the angle of skew. Specimens with 30-degree skew had lower PRT
levels than the 20-degree and 10-degree skewed connections. Results of column twist analysis
and panel zone deformation showed that peak column twist and peak shear deformation of panel
zone were sensitive to the angle of skew and column depth. Investigation into the fracture
initiation within the welded zone of connections shows no brittle fracture of flange welds in any
specimens. Comparison of experimental investigations to FEA (analytical) results showed that
the results are in good agreement.
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH
6.1 Summary of Research
AISC 358-16 [1] provides guidelines and design procedures for Special Steel Moment
Frame (SMFs) connections. This design standard is for orthogonal (unskewed) beam-to-column
connections (beam framing orthogonally into the column in both elevation and plan views of the
frame). Architectural features often require non-orthogonal SMF connections with nonorthogonality in either elevation or plan views. AISC 358-16 guidelines on out-of-plane
(laterally skewed) SMF connections are currently limited to analytical investigations by [8]. Fullscale experimental investigations were necessary for prequalifying (and better understanding) the
seismic behavior of skewed SMF connections. In addition, the behavior of laterally skewed
connections under actual earthquake events (system-level dynamic performance) was never
investigated.
In this study, dynamic system-level investigations were conducted to compare the
behavior of SMF building systems having unskewed and skewed SMF connections. Similarly,
the SMF building systems with RBS connections were compared to SMF buildings with WUFW connections. A total of 28 detailed finite element building models incorporating RBS or
WUF-W SMF with unskewed or skewed connections were analyzed. Additionally, three
component-level investigations were conducted to understand the cyclic behavior of laterally
skewed composite (steel with a concrete slab) WUF-W SMF connections, where connections
had a 20-degree angle of skew. Column depths of W14×, W24×, and W33× were considered in
this study. A two-sided three-level frame configuration was used for modeling to represent the
real boundary conditions more realistically.

177

Full-scale experimental investigations to prequalify (and better understand the cyclic
behavior of) the laterally skewed RBS SMF connections were also completed. The connections
had 10-, 20-, and 30-degree skew angles. Six specimens with one-sided configurations were
tested under cyclic loading to investigate skew effects. All specimens tested considered a
W24×76 beam with W14×132 (shallow column) or W24×131 (medium-depth column) which
narrowly satisfy seismic compactness requirements, representing worst case scenarios. ASTM
A992 steel was specified for the beams and columns following typical design practice.
Conclusions from the detailed system-level investigations and experimental testing are as
follows:
-

Dynamic System-Level Investigation
•

Frequency analyses indicate that skewed SMF configurations have lower system lateral
stiffness than corresponding orthogonal (unskewed) systems. Because both the
orthogonal and skewed building systems were designed based on seismic demands
expected from the orthogonal configuration stiffness, dynamic ground motions scaled to
the orthogonal system natual frequencies experienced lower inter-story drift ratios,
residual drifts, column axial force demands, and lower column flange yielding than
corresponding orthogonal configurations. This is due to lower input demands from the
individual ground motions.

•

Skewed building configurations experienced higher column twist demands than
orthogonal configurations, and increasing the skew angle increased the demands.

•

Increased skew angle reduces the residual drift and column axial force demands.
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-

Analytical Investigation into Effect of Composite Slab on Skewed SMF Behavior
•

Using current orthogonal (unskewed) design procedure, all skewed composite WUF-W
configurations analyzed in this study satisfied the moment capacity requirements outlined
in AISC 358 prior to finishing the 0.04 rad connection rotation cycles.

•

Increasing beam skew (20 degrees relative to 0 degrees) will result in increased column
twist demands for composite SMF systems. As is expected, decreases in column polar
moment of inertia result in increased column twisting.

•

In all connection configurations, the inclusion of a composite slab resulted in column
twist reductions due to increased torsional stiffness at the connection.

•

ULCF fracture initiation investigations using micro-mechanical models suggest that
fracture near the beam-to-column welds in composite WUF-W connections is not
expected prior to reaching the 0.04rad protocol cycles. Increasing column depth
decreases the propensity for fracture at the beam-to-column weld locations due to column
twist strain alleviations.

-

Experimental (Prequalification) Testing of Skewed RBS SMF Connections
•

Skewed RBS connections, designed using current orthogonal connection procedure, are
capable of providing the required moment resistance and cyclic behavior for
prequalification. All six RBS SMF connections with 10-, 20- and 30-degree skew (having
shallow and medium column depths) met the minimum acceptance criteria of AISC 35816 when braced at both the top and bottom beam flange outside of the RBS.

•

Increasing the beam skew angle decreases the moment resistance of the connection by
increasing the proportion of column weak-axis participation. Multi-axial moment
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demands created through beam skew geometry create both strong and weak axis
demands, wherein increasing skew increases the weak-axis moment demand.
•

Increasing beam skew increases column twist demands, column flange yielding at the
acute angle skew side, and decreases RBS beam flange yielding through column twist
strain alleviations. Increasing column depth exaggerates these beam skew effects.

•

Beam flange yielding and strain demands shift towards the beam-to-column weld with
increased connection skew angle. For all configurations tested the RBS was still capable
of preventing weld fractures.

•

It is recommended to modify current RBS bracing procedures to include additional beam
bottom flange and column bracing (through the addition of beam-to-column kickers) for
W24x or deeper column sections skewed greater than 20 degrees.

6.2 Future Research
Based on the research findings in this study, recommendations can be made for future
research. In this study, a W24×76 beam was chosen as this section narrowly satisfies seismic
compactness requirements; however an investigation involving stockier beams may be warranted
as these would provide increased force transfer to the column (potentially increasing column
twist demands). Additionally, the experimental performance of deep column sections having
skewed SMF connections is unknown and should be investigated.

180

REFERENCES
[1]

AISC, ANSI/AISC 358-16: Prequalified Connections for Special and Intermediate Steel
Moment Frames for Seismic Applications. Chicago, IL: American Institute of Steel
Construction, 2016.

[2]

G. S. Prinz and P. W. Richards, “Demands on Reduced Beam Section Connections with
Out-of-Plane Skew,” J. Struct. Eng. (United States), vol. 142, no. 1, pp. 1–9, 2016, doi:
10.1061/(ASCE)ST.1943-541X.0001360.

[3]

FEMA-350, “Recommended Sesmic Design Criteria for New Steel Moment-Frame
Buildings,” 2000.

[4]

C. S. Gilton and C. M. Uang, “Cyclic response and design recommendations of weak-axis
reduced beam section moment connections,” J. Struct. Eng., vol. 128, no. 4, pp. 452–463,
2002, doi: 10.1061/(ASCE)0733-9445(2002)128:4(452).

[5]

S. L. Jones, G. T. Fry, and M. D. Engelhardt, “Experimental evaluation of cyclically
loaded reduced beam section moment connections,” J. Struct. Eng., vol. 128, no. 4, pp.
441–451, 2002, doi: 10.1061/(ASCE)0733-9445(2002)128:4(441).

[6]

A. Mashayekh and C. M. Uang, “Cyclic response of sloped steel moment connections,” J.
Struct. Eng. (United States), vol. 145, no. 7, pp. 1–10, 2019, doi:
10.1061/(ASCE)ST.1943-541X.0002339.

[7]

S. W. J. J. Han, “Seismic Performance of WUF-W Moment Connections According to
Access Hole Geometries,” Earthq. Spectra J., vol. 32, no. 2, pp. 909–926, 2019.

[8]

J. M. Ricles, C. Mao, L. Lu, and J. W. Fisher, “Inelastic cyclic testing of welded
unreinforced moment connections,” J. Comput. Eng., vol. 128, no. 4, pp. 429–440, 2002.

[9]

A. Sato, J. Newell, and C.-M. Uang, “Cyclic testing of bolted flange plate steel moment
connections for special moment frames,” La Jolla, California, 2007.

[10]

S. P. Schneider and I. Teeraparbwong, “Inelastic behavior of bolted flange plate
connections,” J. Struct. Eng., vol. 128, no. 4, pp. 492–500, 2002, doi:
10.1061/(ASCE)0733-9445(2002)128:4(492).

[11]

K.C. Tsai; E. Popov, “Experimental performance of seisic steel beam-column moment
joints,” Struct. Eng. J., vol. 121, no. 6, pp. 925–931, 1995.

[12]

C. H. . C. J. M. Chen, S.J.; Yeh, “Ductile steel beam-to-column connections for seismic
resistance,” Struct. Eng. J., vol. 122, no. 11, pp. 1292–1299, 1996.

[13]

X. Zhang et al., “Development of seismic guidelines for deep-column steel moment
connections,” Bethlehem, PABethlehem, PA, 2004.

[14]

D. W. Kim, S. C. Ball, H. B. Sim, and C. M. Uang, “Evaluation of sloped RBS moment
connections,” J. Struct. Eng. (United States), vol. 142, no. 6, pp. 1–10, 2016, doi:
10.1061/(ASCE)ST.1943-541X.0001459.

[15]

A. Mashayekh, “Sloped Connections and Connections with Fillet Welded Continuity

181

Plates for Seismic Design of Special Moment Frames,” University of California, san
Diego, 2017.
[16]

C. Desrochers, “Effect of column axial load on skewed SMF RBS connection demands,”
University of Arkansas, 2017.

[17]

D. Dominguez, “On the seismic performance of skewed special moment frame reduced
beam section connections,” University of Arkansas, 2020.

[18]

HKS, “ABAQUS Standard User’s Manual, Version 6.14,” 2014.

[19]

ASCE 7-16, ASCE 7-16: Minimum Design Loads for Buildings and Other Structures.
American Society of Civil Engineers (ASCE), 2016.

[20]

FEMA P-58-6, “Guidelines for Performance-Based Seismic Design of Buildings,”
Washington, D.C., 2018. [Online]. Available: https://www.fema.gov/medialibrary/assets/documents/90380.

[21]

AISC, “ANSI/AISC 341-16: Seismic Provisions for Structural Steel Buildings,
ANSI/AISC 341-10,” Chicao, Illinois, 2016. doi: 10.1201/b11248-8.

[22]

L. Makrup, “The Earthquake ground motion and response spectra design for Sleman,
Yogyakarta, Indonesia with Probabilistic Seismic Hazard Analysis and Spectral Matching
in Time Domain,” Am. J. Civ. Eng., vol. 4, no. 6, pp. 298–305, 2016, doi:
10.11648/j.ajce.20160406.15.

[23]

M. H. Kashefizadeh, M. A. Koocheh, and B. Amiri, “Steel Plate Shear Wall with
Different Infill Steel Plates,” J. Comput. Eng. Phys. Model., vol. 1, no. 3, pp. 1–14, 2018.

[24]

G. S. Prinz, “Using buckling-restrained braces in eccentric configurations,” Brigham
Young University, 2010.

[25]

AISC, Seismic provisions for structural steel buildings. 2010.

[26]

AISC, Seismic Design Manual, 3rd ed. Chicago, IL: American Institute of Steel
Construction, 2012.

[27]

C. Uang, M. Asce, M. Bruneau, and F. Asce, “State-of-the-Art Review on Seismic Design
of Steel Structures,” vol. 144, no. 4, pp. 1–24, 2018, doi: 10.1061/(ASCE)ST.1943541X.0001973.

[28]

R. A. Medina and H. Krawinkler, “Evaluation of Drift Demands for the Seismic
Performance Assessment of Frames,” J. Struct. Eng., vol. 131, no. 7, pp. 1003–1013,
2005, doi: 10.1061/(asce)0733-9445(2005)131:7(1003).

[29]

N. Karavasilis, T.; Bazeos, “Behavior Factor for Performance-Based Seismic Design of
Plane Steel Moment Resisting Frames,” Earthq. Eng., vol. 11, no. 4, pp. 531–559, 2007,
doi: 10.1080/13632460601031284.

[30]

C. Uang and A. Maarouf, “Deflection Amplification Factor for Seismic Design
Provisions,” J. Struct. Eng., vol. 120, no. 8, pp. 2423–2436, 1994, doi:
10.1061/(asce)0733-9445(1994)120:8(2423).

182

[31]

A. W. M. Bruneau, C.M. Uang, Ductile design of steel structures, 2nd ed. New York:
McGraw-Hill, 2011.

[32]

X. Zhang, J. M. Ricles, L. Lu, and J. W. Fisher, “Analytical and experiental studies on
seismic behavior of deep column-to-beam welded reduced beam section moment
connections,” 2004.

[33]

X. Zhang, A. M. Asce, J. M. Ricles, and M. Asce, “Experimental Evaluation of Reduced
Beam Section Connections to Deep Columns,” no. March, pp. 346–357, 2006.

[34]

D. Dominguez and G. Prinz, “Cyclic behaviour of laterally skewed special moment frame
connections having composite concrete slabs,” vol. 14, 2021, doi:
10.1002/stco.202000032.

[35]

ACI-318, Building Code Requirements for structural concrete. Farmington Hill: American
Concrete Institute, 2014.

[36]

B. Hoseinzadeh, M, Farivar, “Investigation of the rigidity of welded shear tab
connections,” Eng. Struct., vol. 179, pp. 353–366, 2019.

[37]

S. Hajighasemali, A. Ramezanianpour, and M. Kashefizadeh, “The effect of alkali-silica
reaction on strength and ductility analyses of RC beams,” Mag. Concr. Res., vol. 66, no.
15, 2014, doi: 10.1680/macr.13.00282.

[38]

Hajighasemali, S., Ramezanianpoor, A.A., Kashefizadeh, M. H. “Investigation of the
Effect of Alkalai-Silica Reaction on the Structural Behavior of Reinforced Concrete
Beams Using the Finite Element Method,” Amirkabir J. Civ. Eng., vol. 49, no. 1, pp. 11–
14, 2017, doi: 10.22060/ceej.2016.701.

[39]

T. Jankowiak and T. Lodygowski, “Identification of parameters of concrete damage
plasticity constitutive model,” Found. Civ. Environ. Eng., no. 6, pp. 53–69, 2005,
[Online]. Available: http://www.ikb.poznan.pl/fcee/2005.06/full/fcee_2005-06_053069_identification_of_parameters_of_concrete.pdf.

[40]

G. G. A. M. Kanvinde; Deierlein, “Micromechanical simulation of earthquake-induced
fracture in steel structures,” Stanford, 2004. [Online]. Available:
https://stacks.stanford.edu/file/druid:bf412yb0418/TR145_Kanvinde.pdf.

[41]

B. V. Fell, A. T. Myers, G. G. Deierlein, and A. M. Kanvinde, “Testing and simulation of
Ultra-Low Cycle Fatigue and fracture in steel braces,” in 8th US National Conference on
Earthquake Engineering 2006, 2006, vol. 10, pp. 5835–5844.

[42]

G. Prinz, A. Nussbaumer, and G. Cortes, “Fatigue analysis of unanchored steel liquid
storage tank shell-to-base connections during earthquake induced uplift,” 2012, [Online].
Available: http://infoscience.epfl.ch/record/176483/files/Fatigue analysis of unanchored
steel liquid storage tank shell-to-base connections during earthquake enduced uplift.pdf.

[43]

C. Lozano, M. Langston, M. H. Kashefizadeh, and G. S. Prinz, “Analytical and
Experimental Investigation into Pre-Stressed Carbon Fiber Reinforced Polymer ( CFRP )
Fatigue Retrofits for Steel Waterway Lock-Gate Structures,” J. Met., vol. 12, no. 88, 2022.

[44]

Hajigasemali, S, Kashefizadeh, M.H., Ramezanianpour, A.A. “Investigation of the Effect
183

of Alkalai-Silica Reaction on the Structural Behavior of Reinforced Concrete Beams
Using the Finite Element Method,” Amirkabir J. Civ. Eng., vol. 49, no. 1, pp. 23–34,
2017.
[45]

M. H. Kashefizadeh, S. Verma, and R. P. Selvam, “Computer modelling of close-toground tornado wind-fields for different tornado widths,” J. Wind Eng. Ind. Aerodyn., vol.
191, 2019, doi: 10.1016/j.jweia.2019.05.008.

[46]

M. H. Kashefizadeh, “Computer Modeling of Close-to-Ground Tornado Wind-Fields for
Different Tornado Widths,” University of Arkansas, 2018.

[47]

Kashefizadeh, M.H., Selvam, P. “Computer Modeling of Close-to-Ground Tornado
Wind-Fields for Different Tornado Widths,” 7th Interntnl Symp. on Comp. Wind Eng.,
2018.

[48]

Hekmat, A, Kashefizadeh, M.H. “Three Dimensional Dynamic Analysis of Interaction
Soil-Pile with Coupling Finite Element Analysis (FEA) and Boundary Element Method
(BEM),” Casp. J. Appl. Sci. Res., 2011.

[49]

X. Zhang; J. M. Ricles, “Experimental evaluation of reduced beam section connections to
deep columns,” J. Struct. Eng., vol. 132, no. 3, pp. 346–357, 2006, doi:
10.1061/(ASCE)0733-9445(2006)132.

[50]

B. L. Ovuoba, “On the fatigue of headed shear studs in steel-concrete composite bridge
girders,” University of Arkansas, 2017.

184

APPENDICES
Appendix A: Design of the 6-story Prototype Building Having RBS Connections
This appendix provides details for the seismic design and proportioning of the 6-story
prototype buildings having RBS prequalified connections.
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Figure A-1. Beam and Column sizes for Plan B.

Table A-1. Member size for building having WUF SMF system
Reduced Beam Section Dimensions
RBS Dimensions (in)
Mpe/Mf
Story
a
b
c
Ratio
1&2
6.75
18.0
3.25
1.306
3&4
6.75
18.0
3.25
1.306
5&6
6.75
18.0
3.00
1.297

Story
1&2
3&4
5&6

Doubler Plate Thickness
Interior Cols.
Exterior Cols.
Thickness (in) Thickness (in)
1 5/8
5/8
1 3/8
None
1 1/8
5/8

Continuity Plate Thickness
Story Interior Cols. Exterior Cols.
Thickness (in) Thickness (in)
1&2
1 7/8
1 1/4
3&4
1 5/8
1 1/8
5&6
1 1/4
7/8
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Appendix B: Design of the 6-story Prototype Building Having WUF-W Connections
This appendix provides details for the seismic design and proportioning of the 6-story prototype
buildings having WUF-W prequalified connections. Note that the building is located in LA,
California and the seismic calculation of the seismic acceleration parameters for the building site
is given in Appendix A. Additionally, the lateral loads, seismic weight calculations, period of the
structure, and base shear are the same as the RBS buildings, given in Appendix A. The SMF
design is presented in this appendix.
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Design Summary
Member size for building having WUF SMF system
Beam size

Column size

1-2

W 24 × 335

W36 × 652

3-4

W 24 × 279

W 36 × 487

5-6

W 21 × 201

W 36 × 330

Story
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Doubler Plate and Continuity Plate size for building having WUF-W SMF system
Story

WUF-W System
Doubler Plate
(in.)
Int.
Ext.
Column Column

Continuity Plate
(in.)
Int.
Column

Ext.
Column

1-2

3.0

None

1.875

1.25

3-4

3.75

0.875

1.75

1.125

5-6

2.25

0.5

1.25

0.875
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Appendix C: Deaggregation Results
Deaggregation results for 0.2Sa
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Deaggregation results for 1.0Sa
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Design
of Three-Level
Configuration
Having WUF-W
SMF Connections
Appendix
D: Design
of the WUF-W
Three-Level
Frames
Strong Column verification for Coulmn W33 x 354

General properties
Fy ≔ 50

Ry ≔ 1.1

Fu ≔ 65

E ≔ 29000

Beam properties (W36 x 150)
Zb ≔ 581

3

L ≔ 360

bbf ≔ 12

tbf ≔ 0.94

twb ≔ 0.625

db ≔ 35.9

Column properties (W33 x 354)
dc ≔ 35.6

Ag ≔ 104

KL ≔ 156

Zc ≔ 1420

2

3

tcf ≔ 2.09

twc ≔ 1.16

ry ≔ 3.74

kcdes ≔ 2.88

bcf ≔ 16.1

Column Axial Capacity:
⎛ Fy ⎞

2

⋅E
= 164.51
Fe ≔
⎛ KL ⎞2

ϕFcr ≔ 0.9 Fy ⋅ 0.658

⎝ Fe ⎠

= 39.625

⎝ ry ⎠

Pu1 ≔ 0.0
ϕPn ≔ ϕFcr ⋅ Ag = 4.121 ⋅ 103

Cpr ≔ 1.4

Lh ≔ L - dc = 324.4

Mpr ≔ Cpr ⋅ Ry ⋅ Fy ⋅ Zb = 4.474 ⋅ 104

VE ≔

2 ⋅ Mpr
Lh

= 275.814

Sh ≔ 0
⋅

H ≔ 156

Vg ≔ 0.0

Vu ≔ VE + Vg = 275.814

Mf ≔ Mpr + Vu ⋅ Sh = 4.474 ⋅ 104
⋅
Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Mb ≔ Mpr + Vu ⋅ Sh + 0.5 dc

Vc ≔

2 ⋅ Mb
H

= 4.965 ⋅ 104

⋅

= 636.493

Mpb ≔ 2 ⋅ Mb = 9.929 ⋅ 104

⋅

⎛
⎛
⎞
Pu1 ⎞
Mpc1 ≔ 2 ⋅ Zc ⋅ Fy + 0.5 V ⋅ d = 1.649 ⋅ 105
⎝
Mpc1
Mpb

⎝

Ag ⎠

c

b

⋅

⎠
Mpc1

> 1.0 = 1

Mpb

= 1.66

Checking Beam Shear:
ϕ ≔ 1.0

Aw ≔ db ⋅ twb = 22.438

2

ϕVn ≔ ϕ ⋅ 0.6 ⋅ Ry ⋅ Fy ⋅ Aw = 740.438
OK

ϕVn > Vu = 1

Compactness Checking
Fe ≥ 0.44 Fy = 1

OK

hc ≔ dc - 2 ⋅ kcdes = 29.84

OK

bcf
2 ⋅ tcf

hc
twc

≤ 0.32 ⋅

≤ 1.57 ⋅

E
=1
1.1 ⋅ Fy

E
=1
1.1 ⋅ Fy

OK

OK

Panel Zone design for Deep Column- W33 x 354
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db ≔ 35.9

bbf ≔ 12

tbf ≔ 0.94

Zx ≔ 581

3

Column W33 x 354
dc1 ≔ 35.6
Ac ≔ 104

tw ≔ 1.16
2

bcf ≔ 16.1

tcf ≔ 2.09

Ry ≔ 1.1

Panel Zone Design:
Ru ≔

2 ⋅ Mf
db - tbf

- Vc = 1.923 ⋅ 103

Capacity of Panel Zone:
ϕv ≔ 1.0

⎛

3 ⋅ bcf ⋅ tcf 2 ⎞

⎝

db ⋅ dc1 ⋅ tw ⎠

ϕRn ≔ ϕv ⋅ 0.6 ⋅ Fy ⋅ dc1 ⋅ tw ⋅ 1 +

= 1.415 ⋅ 103

ϕRn < 0.75 ⋅ Fy ⋅ Ac = 1

OK

ϕRn ≥ Ru = 0

NG ==> Need to design doubler plates

Design of Doubler Plates:
tw ≥

d z + wz

tw ≔ 1.16

90

Beam W36 x 150
dz
90

＝0.378 in

dz ≔ 0.378

• 90 = 34.02

Column W33 x 354
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Page 4-124 Table 4-2
AISC Seismic Design Manual

d z + wz
tw ≥

The column web satisfies
the minimum requirement.

=1

90

Now, tw is replaced by tw + tp
d z wz
tcp ≔
+
= 0.727
90

Use

tcp ≔ 0.75

90

⎛
0.6 ⋅ Fy ⋅ 3 ⋅ bcf ⋅ tcf 2
tw + tp ≥ Ru db
⎝

⎛

tp ≔ Ru -

⎞ ⎛
⋅

0.6 ⋅ Fy ⋅ 3 ⋅ bcf ⋅ tcf 2

1

⎞

- tw = 0.475

⎠ ⎝ 0.6 ⋅ Fy ⋅ dc1 ⎠

db

⎝

⎞ ⎛
⎞
1
⋅
⎠ ⎝ 0.6 ⋅ Fy ⋅ dc1 ⎠

so, use tcp

tcp > tp

Use:

tw + tcp = 1.91

Design of Continuity Plates:
tcf ≔ 2.09

tcf ≥ 0.4 ⋅

Ryc ≔ 1.1

1.8 ⋅ bbf ⋅ tbf ⋅

tcfi ≔ 0.4 ⋅

tcf ≥

bbf
6

1.8 ⋅ bbf ⋅ tbf ⋅

Ryb ⋅ Fy

=1
R ⋅F
yc y

Ryb ≔ Ryc = 1.1

OK

Ryb ⋅ Fy

= 1.802
R ⋅F
yc y

=1

OK

No need to design continuity plates.
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Member sizes for Three-Level Configuration having WUF Connections.
Beam size

Column size

Doubler
Plate (in)

Continuity
Plate (in)

1

W 24 × 76

W 14 × 257

NA

NA

2

W 24 × 76

W 24 × 162

3/4

NA

3

W 36 × 150

W 33 × 354

3/4

NA

4

W 33 × 152

W 33 × 354

3/4

NA

Level
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Appendix E: Sample Fabrication Details for Experimental Testing
The fabrication details for the skewed beam experimental testing are presented below. Complete
details for the shallow column (W14×132) are shown ind Figure E-1 through Figure E-5. For the
medium column (W24×131), Figure E-6 through Figure E-9 depict the necessary details for
fabrication.

Figure E-1. Connection detail the three skew levels of the column W14×132.
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Figure E-2. Continuity plate detail for column W14×132.

Figure E-3. Weld access holes for the beam W24×76.
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Figure E-4. Beam plan view for the three skew levels for the column 14×132.

Figure E-5. Doubler plate detail for the column W 14×132.

271

Figure E-6. Welding connection details for sample fabrication (W24×131).

272

Figure E-7. Connection detail the three skew levels of the column W24×131.
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Figure E-8. Continuity plate and shear tab detail for column W24×131.

274

Figure E-9. Beam plan view for the three skew levels for the column W24×131.
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